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S U M M A R Y
Optical methods have been used to examine the topography 
of the small erosion areas that are produced at the cathode and anode 
due to single, short duration, high current discharges. A plane 
parallel electrode arrangement has been used with gap separation of 
between one and two millimetres or less, and allowing electrical 
breakdown to occur under nearly uniform field conditions. The elec­
trode erosion has been studied for discharges passed in oil dielectric, 
and also hydrogen, air, and argon at atmospheric pressure. High and low
melting point metal electrodes have been used in the investigation. 
Constant current discharges have been produced by using pulse forming 
networks, but for slower rates of current rise in the external circuit, 
a single section condenser-inductance network was used. Some of the 
erosion areas have been suitable for examination by Fizeau reflexion 
interferometry, and the light profile techniques, which made possible an 
estimation of the volume of material lost from these areas. Obser­
vations were made using reflexion microscopy, which also served as a 
means for making erosion measurements. The results of the measure­
ments of erosion loss at the anode for discharges in oil and gases, 
indicate that the electrode material cannot have been removed by a thermal 
evaporation process alone. From observations on the topography of the 
anode erosion areas, it would appear that the molten metal within the 
area is drawn into one or more peaks, and metal is lost from the area by 
some mechanical force action. The erosion areas at the lower melting
point electrodes for discharges in oil and gas dielectric appear 
similar, but usually more intensive melting is produced for the 
discharges in oil. The molten multiple marks left on the 
anode and cathode, have been discussed in the light of recent 
research by other workers, studying the luminous areas formed at the 
electrodes during the discharge.
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CHAPTER I.
ELECTRODE PHENOMENA IN THE ELECTRICAL DISCHARGE 
INTRODUCTION
Optical studies have been made in recent years on the 
phenomena occurring at or near the metal electrodes of sparks and 
transient arcs struck in air and other gases at pressures ranging 
from a few m.m. mercury up to atmospheric pressure, and initial 
electrode temperatures varying from -50®C to 220^C. These
studies fall into two classes; firstly the experiments in which 
the discharge having taken place, the effects on the electrodes 
are examined by ordinary reflection microscopy and other optical 
techniques to be described later, and secondly those experiments 
in which the active luminous areas at or near the electrodes are 
examined by a low power lens system during the lifetime of the dis­
charge. This type of experiment is further subdivided to allow 
the electrode phenomena to be resolved temporarily using techniques 
involving the Kerr cell optical shutter or the rotating mirror camera. 
This class of experiment will be described later.
The experiments in this present work belong to the first 
class above. There are two aspects considered in this work.
Firstly the volume of metal lost from the electrode erosion areas 
formed during discharges in gas and oil dielectrics, and secondly 
the interpretation of the geometrical form of the erosion areas on 
the electrodes. It has been possible for some of the metals examined
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in the form of plane electrodes using short duration high current 
discharges in various gases at atmospheric pressure and oil 
dielectric, to make a direct estimate of the volume of material 
lost from the . cathode or anode in a single discharge by optical 
measurements made on the erosion areas. Owing to the complex 
geometrical nature of the electrode erosion depending on the metal 
and the method of surface preparation, it was not possible to 
measure the volume of electrode material lost at each discharge 
in all cases for the metals examined. Previous measurements of 
electrode erosion due to spark discharge have been made by weighing 
the electrodes before and after many discharges have occurred,
Debenham and Haydon (1936). The erosion losses as determined by 
Debenham and Haydon were for spark plug electrodes operating in an 
internal combustion engine. Under these conditions no doubt most 
of the evaporated electrode material which is formed during the pas­
sage of the spark would be blown away by the gas explosion, and would, 
therefore, not recondense on the cooler portions of either the cathode 
or anode. This metal vapour would thus not falsify the determined 
loss of electrode material per spark. The conditions in which the 
experiments to be described have been carried out, in free air, and 
other gases enclosed in a chamber would involve deposition of metal 
from the vapour on one or other of the electrodes during the passage 
of the spark. By geometrical measurement of a single erosion area, 
however, it is possible to measure the volume of material evaporated
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from the active heated areas on the electrodes, in certain cases.
Where it has not been possible to measure the volume 
of material eroded during a discharge, it is possible using re­
flection microscopy and multiple beam interference microscopy to 
examine the nature of the erosion area produced on the cathode and 
anode for different metals and methods of surface preparation.
These examinations have shown interesting results, but they cannot 
be directly interpreted without combining with them experiments of 
the type described in the second class above, in order to construct 
the history of the erosion area after the discharge has ended, making 
possible a more complete description of the observed erosion markings.
After breakdown for a gas has occurred, the current can 
increase almost indefinitely as far as the gas processes are con­
cerned. In practice, of course, the discharge is limited by the 
external circuit. As the current increases the positive ion space 
charge density also increases and this increase is greatest at the 
cathode where the field is then concentrated. By collisional pro­
cesses occurring between electrons, ions and gas molecules energy is 
transferred from the field to the gas molecules. The gas tempera­
ture consequently rises and very high gas temperatures can in this way 
be attained. Although the gas is hot, the cathode can in some cases
be hot, but in others cool. Clearly the cathode plays a basic role 
in supplying the initial electrons which are necessary to maintain the 
arc regime. In general, it is considered that the hot cathode arc
produces electrons by thermionic emission, ythile for the cold 
cathode arc, a number of theories have been proposed to explain 
the very large current densities which are also observed for 
these arcs, but there is still considerable difficulty in account­
ing quantitatively for all the experimental results. As far as 
the processes are concerned in the anode vicinity, it is necessary 
to produce an adequate supply of positive ions to maintain the 
positive ion current in the column. Into the anode there flows 
the very high electron current which gives rise to a heavy negative 
space charge near the anode which accounts for the potential fall 
to create the necessary ionization. The electrons, apart from 
ionizing the gas in which the arc exists, strike the anode and may 
cause melting and consequent boiling if the energyvis supplied for a 
sufficient time, causing a vapour stream of low ionizing potential 
to operate the arc. Water - cooled anodes still permit arcs to 
operate, but this merely means that the arc is no longer a metal arc 
but an arc in the gas used. Thus, while high temperatures of the 
anode are not essential for maintenance of arcs, its characteristics 
are influenced by the anode.
Experimentally established phenomena which requires ex­
planation in any theory of the arc, and which must be closely associ­
ated with the cathode mechanism are these:
1). The high velocity stream of vapour (or particles) 
coming from the cathode.
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2). The continuous spectrum at the cathode spot.
3). The retrograde motion of the spot in an arc on 
application of a magnetic field.
4). The increase in stability at low currents when the 
spot is confined to a small area.
5). The difficulty of establishing a spot on a clean 
surface and the random motion of the spot over the 
surface.
6). The failure of the mercury arc to re-ignite when 
interrupted for times as short as 10-9 second.
CATHODE PROCESSES F Œ  MAINTAINING IHE ARC.
There are a number of mechanisms which have been proposed 
to explain the current transport at the cathode for the arc. The 
theory of thermionic emission is adequate to explain the current 
transport with highly refractory cathodes such as tungsten and - 
carbon under conditions where they are incandescent due to bombard­
ment by positive ions, but has not seemed applicable to the lower 
boiling point metals for which the possible thermionic emission at 
the probable maximum temperature would be too small. Froome (1948) 
has shown that the cathode emission is at all times enormous, appear­
ing some times greater than 10^ amp per cm^ and very seIdem less than
Ç 2
10 amp per cm for mercury and sodium cathodes in high current 
transient arcs in air and inert gases, at pressures of a few m.m. 
of mercury. These emission areas appear also to be in rapid motion 
which would seem to preclude even further the possibility of thermionic 
emission. For arcs struck in air at atmospheric pressure. Cobine
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and Gallagher (1948) obtained values of the current density at 
the cathodes of various metal arcs. Here by means of a trans­
verse magnetic field, the cathode spot was moved rapidly over the 
metal surface producing a track. From measurements on the width 
of these tracks, and assuming circular geometry for the cathode 
spot, current densities were calculated. For arcs passing 2.6 amp 
cathode current densities obtained were Tungsten 74,000 amp per cm^ j 
Aluminium 29,500 amp per cm^ j Copper 120,000 amp per cm?. Craig 
(1951) has shown for transient arc discharges struck in Hydrogen, 
Argon and Air at pressures ranging from 100 to 800 m.m. by photo­
graphing the luminous cathode spots formed during the discharge, 
cathode current densities of the order 10^ amp per cm^ for Magnesium, 
Copper and Tungstène, which appeared to be independent of the dis­
charge duration and pressure. Sommer ville aind Blevin (1949) have 
also found current densities of the order 10^ amp per cm^ at the 
cathode spots of transient arcs on aluminium, copper, magnesium, 
nickel, tin and tungsten cathodes, in air at atmospheric pressure.
It can be seen from classical thermionic emission curves that with 
accepted values of the work function and for metals with boiling 
points below 4000^, the emission current density would be several 
orders of magnitude too low. There may, however, be a lowering 
of the work function due to surface impurities, since difficulty is 
found in establishing an arc on a very clean metal surface, Doan 
and Jfyer (1932). Thomson (1933) and Loeb (1939) pointed out that
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with such high densities of energy input, it is not conclusively 
demonstrated that within the surface layers a few atoms or molecules 
deep there are not temperatures high enough to give sufficient therm­
ionic emission in a few microseconds* Loeb points out that possibly 
a new physical state arises \fhen we deal with enormous energies put 
into small volumes of matter in exceedingly short time intervals, 
and that this calls for a new physics of the microvolume with high 
rates of energy input.
The theory of field emission postulates that electrons 
are drawn out of the surface by the strong field set up at the cathode 
by the high density positive ion space charge adjacent to the surface. 
Langrauir suggested that since electrons have a high mobility, the 
positive ion current to the cathode across the cathode fall of potential 
must be positive spacecharge limited. This means that a certain field 
must exist in order that this current can pass, and he assumed that 
this field would be high enough to extract the electrons from the 
cathode surface. Froome (1950) shows, using the equation of Fowler- 
Nordheim (1928) and the Langmuir space charge formula, that as soon as 
the positive ion current density attains a value 10^ amp per cm^, an 
electron emission density greater than this value is obtained.
Froome♦s results show apparent cathode emission densities of up to 
5 X 10^ amp per cm^. At such a value Froome states that a positive
ion current density of 10^ amp per cm^ is quite conceivable, thus 
confirming Langmuir^s theory.
— 0
Previously measured cathode emission densities had not been so 
great as this, thus making field emission far less possible.
C. G. Smith (1946) has photographed what he assumes to be a thin 
brilliant negative glow, and observed a corresponding cathode 
dark space of 0.001 cm. for a one ampere mercury arc. This value 
for the dark space is at least a hundred times too large for the 
field emission theory, and would cause excessive space charge 
limitation of current unless compensating ionization occurs 
throughout the space. Smith states that phenomena in the negative 
glow must cause the needed ionization, and also intensive electronic 
bombardment of the cathode.
Druyvestyn (1936) assumed that electron emission was 
dependant upon the presence at the cathode of a thin insulating 
or semi-conducting layer such as an oxide of thickness 10~^ - 10""^  
cm. A number of positive ions on the insulator surface could give 
a high field near the metal, which will then emit electrons through 
the insulator. The electrons will enter the gas with a high 
velocity, and only few of them will recombine with the ions on the 
surface. The theory does offer an explanation for the necessity 
of the presence of oxides, and as stated by Druyvestyn, it may be 
that break down of the insulator causes the wandering of the cathode 
spot, as is noticed with some metal arcs. It is not clear, 
however, that the observed high current densitites can be accounted 
for by Druyvestyn*s -théory. Morgan and Harcombe (1953)
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examined the rate of electron emission in relation to the applied 
macroscopic field, for metals with different surface conditions, and 
were concerned among others with heavily oxidized surfaces, i.e. 
covered with oxide layers 10~5 cm., and surfaces covered only with a 
thin tarnish film 10~? cm. For the relatively thick surface films 
10~5 cm. or more tW mechanisms can be described by a pure field emis­
sion process, and the source of electrons appear to be a collection of 
negative ions situated on the film which are usually present on 
apparatus exposed to air. For thin films of about 10""^  cm. or less, 
the emigadon is consistent with the idea that the electrons are 
liberated by tunnelling effect from the base metal, under the in­
fluence of the high field set up by positive ions collected on the 
film. With heavily oxidized surfaces an emission of 10^ - 10^
electrons per second was obtained with an applied electric field of 
2 X 10^ volts per cm. For the tarnish film, field dependent emission 
of the order 10^ electrons per second was obtained with applied elec­
tric fields as low as 10^ volts per cm. Llewellyn Jones and Morgan 
(1953) have shown that following the first discharge between the 
electrodes, a sufficient deposition of positive ions on the film can 
occur to give a field of 10^ volts per cm in the film. The work 
carried out on tarnish films and oxide layers was concerned with 
investigating the initiatory processes in the discharge, but it may 
have important applications in describing more completely current
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transport at the cathode on the basis of a field emission theory. 
Llewellyn Jones (1946) has shown that for clean tungsten electrodes, 
incomplete breakdown can ocuur in spark gaps set about 0.2 - 0.5 m.m. 
apart in air at atmospheric pressure. After the electrodes have 
stood in air for some time following considerable sparking, the 
breakdown is not halted and the voltage falls to arcing value. It 
was found that the particular state of the cathode surface was the 
controlling factor ensuring complete breakdown. It was concluded 
that electron emission at or very near the cathode during the actual 
breakdown process of the spark discharge, and not, as is usually 
considered, during the prebreakdown stages only, is necessary for the 
complete collapse of the discharge path resistance.
Slepian (1926) recognising the low temperature of metal 
cathodes such as for copper and mercury arcs, suggested that thermio­
nic emission from the cathode is not essential, and that some other 
factor may be more important in determining the current carried to 
the cathode in such cases. Slepian showed that for low current
o
density (100 amp per cm ), the entire catiiode current can be accounted 
for by positive ions generated in the gas very close to the cathode 
by thermal ionization, and that this current density would require 
a gas temperature of about 6000°K. Weiael, Rompe and Schon (1940) 
made some calculations for a high pressure mercury arc in an attempt 
to show that the assumed mechanism would lead to correct values of
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the cathode voltage drop. The values calculated for the cathode 
fall were too high to agree with observed values. Rothstein (1948) 
also points out that the hypothesis runs into difficulties such as 
communicating too much momentum to the cathode, accounting for the 
high temperature, and inability to explain why an interruption of 
less than ICT^  second should extinguish the arc. Rothstein has 
proposed a new theory applicable to arcs characterized by relatively 
low spot temperature and relatively high spot mobility, e.g. liquid 
cathodes Cu, Ag, Au, Fe, Ni. This theory has not so far been ex­
panded in detail, however. It is assumed that a region possibly 
10"^ cm thick of very dense metallic vapour exists immediately adja­
cent to the cathode spot. The high density perturbs the atomic 
fields so that the normally sharp energy levels are spread into bands, 
Including conduction bands. Metallic conduction is then possible 
frcmi the cathode to this region, which is at a sufficiently high 
temperature to emit thermionically into the plasma. The positive 
ions bombarding the cathode serve to maintain the high local density. 
The temperature of this emitting region is estimated as 10,000%, but 
this may be fortuitous, and until a more complete analysis is worked 
out, the hypothesis cannot be fully checked. Experimental evi­
dence is offered in favour of the theory, however. Smith (1946) 
has observed for a mercury arc a continuous spectrum originating 
within 10’ c^m from the cathode surface. The fact that the arc is cut
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off if the source is removed for 10~^ or 10~9 second, give: an '
independent estimate of the thickness of the dense region of metal­
lic vapour. If the arc conduction atoms are leaving the cathode 
with velocities of IcA cm per sec, then they can move 10"*^  or 10~5 
cm in this time. The fact that this extinguishes the arc indi­
cates that the dense region is somewhere near this thickness or less.
Smith (1942) to explain the escape of electrons fr<m the 
apparently non-thermionic arc spot on the mercury cathode, has 
advanced a new theory. It is postulated that electronic bombard­
ment of the cathode from the vapour results in an efficient transfer 
of energy to conduction electrons in the liquid mercury, raising them 
to a temperature of about 4000%, which causes a kind of thermionic 
emission, great enough to yield the observed arc current plus that 
coming down from the vapour. The atomic temperature of the liquid 
is about 150^0, and this provides a thermal gradient of about 5 x 10® 
degrees per cm. down through the region of conduction electrons IcT^cm 
thick.
Such an enormous thermal gradient would cool the spot and 
extinguish the arc if thermal conduction alone occurred. The arc 
spot in the absence of arc current cools down to an inoperative value 
within 10~7 second as determined by experiment. It is assumed, there­
fore, that, in order to counteract thermal conduction downwards there 
is a negative Thomson coefficient, and that the Thomson and conduction 
heat flows just balance one another. It is further stated in view
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of the present theory that the current density is a characteristic 
of the liquid mercury, and is determined by the behaviour of the 
Thomson heat. Evidently currents below some limit are too small to 
nullify the possible thermal losses. The back E.M.F. associated 
with the Thomson heat and proportional to the thermal gradient must 
tend to limit the current density, since it supplies a spreading 
tendency for the arc spot. Concerning this theory Rothstein (1948) 
points out the following considerations. Taking the diameter of the 
arc spot as 10*^ cm, the velocity as IcA cm per sec, arc current as
1 amp and the cathode fall as 10 volts, it is seen that the cathode
—6 —5spot must be excited to full emission in 10* sec by only 10* watt
sec. Furthermore, it is hard to conceive of any plausible 
mechanism for preventing the *hot* electrons in the cathode spot from 
losing their energy by interacting with other conduction electrons.
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Experimental Investigations of Electrode Phagmena in Gases 
during Arc and Spark Discharge.
Froome (1948, 1949 and 1950) has used the Kerr cell 
optical shutter to study the luminous spots found in the cathode 
region of low pressure high current transient arc discharges in 
helium, air and argon. The cathode materials used were mercury, 
sodium, copper and sodium-potassium alloy. Sommerville, Blevin 
and Fletcher (1952) have also used this method In u modified way, 
to study both the anode and cathode luminous areas during the life­
time of transient arcs with durations ranging from one microsecond 
to one millisecond, struck in air at atmospheric pressure between 
solid metallic electrodes. The metals examined were in the form of 
foils with a range of melting points, and arc currents up to 200 amps. 
Craig (1951) has described some observations on the luminous spots 
formed on the cathode and anode in short duration 100 amp spark 
discharges. The experimental methods used in this work have been 
based on either (a) varying the duration of the discharge between 0.1 
and 10 microseconds and taking photomicrographs of the integrated spot 
movement; or (b) using rotating mirror techniques to photograph the 
spots throughout a 10 microsecond discharge. Plane and pointed 
electrodes were used in atmospheres of air, hydrogen and argon with 
pressures ranging from 100 to 800 m.m. of mercury.
The experiments carried out by these workers are further 
described, and the results which are thought to be important to 
this work are briefly stated.
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Froome (1948b) has described the Kerr cell apparatus 
which he has used to obtain a sequence of exposures varying from 
one-tenth to six microseconds of the luminous cathode spots.
The interval between each exposure can be. varied from 0.4 to 70 
microseconds, and the number in a sequence can also be varied. 
Observations were made by means of low power photomicrographs with 
overall magnification about twenty times. The transient arcs 
were obtained by discharging a condenser or a number of condensers, 
in the form of an * artificial line* through the low pressure dis­
charge tube and series impedance. The experiments were divided 
into two classes; those at constant current and those obtained 
with currents varying at a specific rate. The most interesting 
results were those obtained with varying currents, and for mercury 
this was found to have a critical value at ItlO^ amp per second.
It was observed that the cathode emitting area nearly always started 
from a point on the mercury surface adjacent to the wall of the 
containing vessel and then took on the form of a line extending 
perpendicular to a radius from the starting points, and moving 
radially outwards with a maximum permitted velocity of ICA cm per 
sec. It was also found that the length of the line (1) was 
related to the current (t) by the relation L « Ki, and from these 
observations it can be found that di » IT.IO^  amp per sec. represents
9t
the value of rate of growth, at v^ich the emitting area
can maintain itself in the form of line moving with a maximum velocity
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of 10^ cm per sec. Frocme has shown in the experiments with 
maximum rate of growth that only one spot could form, and that 
the emitting line occupies all the length available for it, 
moving with an approximately constant velocity of 10^ cm. per sec. 
With rates of current growth slightly in excess of this value, a 
number of spots formed during the discharge. Each of these new 
spots forms the starting point of a more or less normal discharge 
sequence which may, however, have a shorter life than the remainder 
of the discharge time. At very high values of current growth 
( ^  109 amp per sec) the effect is even more pronounced, and it is 
easy to observe that a number of fresh spots, with lives under a 
microsecond, have formed in front of the previously emitting areas.
In this case, the spots are so unstable that they never disintegrate 
radially into normal lines but extinguish very quickly after ini­
tiation. A further interesting observation was made when the 
velocity of the emitting line falls to about 10^ amp per sec. for 
mercury. The motion of the line becomes random, and each section 
of line appears to break up and cause an indentation in the mercury 
surface, forming a number of very slow, randomly moving, spots.
This phenomena is different to the formation of fresh spots, however, 
which occur only under conditions of rapid current growth. Froome 
(1950) has also carried out similar experiments to those described 
above, using the liquid sodium-potassium alloy for cathode, and the 
general conclusions drawn for mercury also apply to the liquid alloy.
- 17 -
Sommerville, Blevin, Fletcher (1952) have used a Kerr 
cell camera to obtain photographs of the transient arc at different 
times during its life# This camera could take three consecutive 
photographs with variable time Intervals between the exposures. The 
arcs were struck between a fine wire and a plane electrode, by 
moving the electrodes together until sparking occurred, with the 
plane electrode made the anode or cathode depending on which was
7
being photographed. With rates of current growth less than 10 amp 
per sec, both anode and cathode show a single luminous area. 
Photographs taken at various intervals after the initiation of 
the arc show that the diameter of the anode spot remains approximately 
constant as the arc grows older. By contrast, photographs taken 
of a plane cathode surface show that the luminous area increases as 
the arc grows older, and it is proposed that the increasing luminous 
area may be due to the outward motion of line elements like those 
observed by Froome (1949, 1950) on liquid metallic surfaces. It 
is concluded that although the molten mark area left on the anode 
increases with arc duration, this is due to melting around a central 
active spot due to heat conduction. It was found that \daen the rate 
of current growth exceeded about 10^ to 10® amp per sec, a value 
similar to that obtained by Froome (1949, 1950) as the condition for 
multiplicity of cathode spots on liquid mercury and sodium-potassium 
alloy surfaces, the anode mark is usually multiple. The marks 
tend to coincide with small surface irregularies, and their number
- 18 -
and distance apart increases as the rate of current growth 
increases* Anode multiplicity was not found to be associated with 
multiplicity of the cathode mark, which also occurs at high rates 
of current rise. From the experiments it seemed unlikely that any 
discreet channels linking the small anode marks to possible corres­
ponding marks on the cathode could occur, and that the effects were 
caused at or near the electrodes.
Craig (1951) has described the optical means for observing 
the luminous spots formed at electrodes of magnesium, copper, tungsten 
and carbon, in 100 amp spark discharges of durations up to 10 micro­
seconds, particularly at the cathode. It was observed that intense 
minute luminous spots may form on magnesium, copper, tungsten or car­
bon cathodes during these transient discharges in hydrogen, but 
generally only on magnesium, copper and carbon for air and argon. 
Depending on the state of the surface and the material, it is observed 
that the spots may remain approximately stationary or may move rapidly 
(10^ to IcA cm par sec.) over the cathode surface. Craig has sug­
gested that a similarity exists between these observations and those of 
Froome (1949, 1950) concerning the moving spots, and it is also 
thought that the motion of individual spots, may be accounted for by 
considering the retrograde motion a spot would be expected to have in 
the resultant magnetic field due to the current carried by all the 
other spots. The cause of the stationary type cathode spots is not 
known. It was observed, however, that usually only one and never
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more than two luminous stationary spots wore formed* Hence the 
field at the edge of one of these spots can exceed that at which 
retrograde motion ceases, so it might check, by the conventional 
magnetic *pinch effect*, any tendency for the spot to divide* For 
plane polished tungsten and copper cathodes in hydrogen no luminous 
spots were detected, although for plane surfaces with preliminary 
sparking (10 min) in hydrogen luminous spots were observed for 
both metals* It was found that faint luminous spots did appear 
occasionally on copper, and that these patterns were much more 
intense after two weeks exposure to air following polishing* No 
conclusive evidence was found concerning the lack of luminous cathode 
spots in relation to the surface condition* It was noted that for 
discharges having no observable luminous spots, the cathode bore no 
visible marks. Experiments with the pointed electrodes in air and 
hydrogen showed that the tips of magnesium, copper, carbon and tung­
sten anodes were heated to incandescence. For plane pitted 
anodes of magnesium and carbon in hydrogen, a number of apparently 
stationary luminous spots wore observed, though none were recorded 
for similar surfaces of copper or tungsten. For the cathode spots 
it was observed that they became indétectable within less than one 
micro-second after the current cut-off, whereas incandescent anode 
tips of a much lower intensity continued to show on the record for 
several microseconds, favouring the belief that the luminosity did not 
come from any incandescent spot on the cathode surface, and hence 
must have come from the adjacent gas or vapour.
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Electrode Sroslon in Gases.
After breakdown occurs a spark channel passes across 
a discharge gap, and is characterised by a bright narrow discharge 
of low impedance and high current density. The manner of growth 
of the spark channel is not clear, but it is observed that the 
establishment of such a channel is accompanied by a sudden rise in 
discharge current and the formation of a cathode spot. The 
high current density at the cathode (10^ to 10^ amp per cm^) and 
also at the anode spot can cause evaporation of metal from the 
electrodes, often in the fort: of luminous clouds of excited vapour.
The evaporation process sets in after current has flowed for only a 
very short*time. Knorr (1931) studied the time for appearance 
of the arc and spark lines of cadmium and sine in condensed air 
sparks with a Kerr cell technique, and found that the air lines 
appeared 10**^  ^to 10*^^ sec. before the spark lines, which, in turn, 
preceded the arc lines for each element appearing in 10 sec.
From thermal considerations Llewellyn Jones (1950) has shown for 
nickel electrodes, that with current densities 10^ amp per cm^
and hot spot diameters 10 cm, it requires 10 sec. to raise
the anode spot to the boiling point, assuming constant heat input, 
and a stationary spot. Under similar conditions the corresponding 
value for the cathode spot is 10"^ sec. Once these hot spot areas
have been established, and are continued to be supplied with 
energy, evaporation takes place. By simple thermal considerations
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Llewellyn Jones then derives an expression for the volume of 
metal eroded during a spark, in terms of the physical constants 
of the electrode material and the discharge conditions. The 
means by which these luminous clouds of vapour are transported 
int6 the gap from the electrodes is not clear. Langstroth and 
McRae (1938), Haynes (1948) and Williams, Graggs, and Hopwood 
(1949) have observed and measured the velocity of propagation of 
excited vapour jets ejected from the cathode or anode during 
the time of the discharge. • The production mechanian of these 
jets is not fully known, but it is possible that the electrodes 
may gay an important role in their formation. . Llewellyn Jones 
theory of erosion by spark discharges will now be discussed more 
fully, and also the characteristics and formation of vapour jets.
Llewellyn Jones (1950) has calculated the area 
of cathode spots in millimetre gaps and less, by considering the 
propagation of a single electron avalanche across the spark gap 
frcffli cathode to anode, followed by a positive ion cloud moving to 
the cathode and diffusing radially in transit. The corres­
ponding anode spot area was found from the cross-section of the 
electron avalanche at the anode due to diffusion* A small number 
of such successive avalanches are sufficient to produce breakdown 
of the gas. The kinetic energy acquired by the ions and electrons 
is released in the bombardment of the electrodes, after a fraction 
is lost in thermal and exciting collisions with gas atoms.
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If the energy is generated at such a rate that it exceeds the 
rate of dissipation, and it is supplied for a sufficient time, 
then there will be energy available for evaporation of the metal 
from the hot spot. On the basis of these considerations an 
estimate of the amount of evaporation which might be produced, when 
a, current of ions or electrons strikes an electrode, essentially 
involves the question of the energy balance at the electrode hot 
spot. Considerations such as these lead to the setting up of 
an energy balance equation, which relates the volume of electrode 
material evaporated per spark to the electrical energy released 
on the electrodes, and to the physical properties of the metal.
As pointed out by Meek and Graggs (1953)# the 
theory seems to suggest that the cathode spot is determined by the 
breakdown conditions, which is in disagreement with the work of 
Frocme (1949# 1950) and Craig (1951) carried out with discharges 
differing widely from those consiiert'id by Ilewellyn Jones, and 
in which cathode spots and current densities of the same order of 
size and magnitude were observed. Froome (1946) has also 
observed similar cathode spots for normal arcs. Further, the 
theory does not provide an explanation for the multiple spots and 
their rapid movement over the electrode surface, which was 
described previously in the work of Froome and Craig with short 
duration discharges. Meek and Graggs (1953) also state that the 
breakdown mechanism assumed as a basis of the theory may be incorrect.
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as it tends to over simplify the physics of spark channel growth, 
and to describe it in terms of the movement of an electron avalanche 
and a retrograde positive ion cloud. It can be said further 
that since the cathode processes by which the discharge is maintained 
are not fully understood, more importance may need to be attached 
to the precise role of the cathode surface, for a complete description 
of the erosion process.
The experiments of many investigators - show that 
a migration of atoms or particles of the metal composing the electrodes 
occurs in either arc or spark discharge. In this work there is 
considerable disagreement in the results published by various investi­
gators on the velocity of migration found with spark discharge, and 
the results obtained with vacuum arcs are approximately an order of 
magnitude higher than those obtained with sparks. The migration 
velocity in vacuum arcs was deduced on the assumption that the 
measured force on the electrodes was that caused by the force of 
reaction of evaporating atoms migrating into the gas.
Tanberg (1930) by this method deduced a value 1.6 
X 10^ cm per sec. for the migration velocity of copper atoms from the 
cathode of a vacuum arc. This atomic velocity was assumed by him 
to be caused by a high temperature cathode spot, and he calculated 
that the required temperature was 5 % 10^%. It was shown by- 
experiment that the cathode temperature was only of the order 3000^.
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It was thus concluded that the high speed vapour stream cannot be 
caused by the temperature of the cathode itself on the basis of a 
purely thermal theory of production*
Tonks (1934) expressed considerable doubt that 
these calculations of vapour velocities in the vacuum arc are valid, 
and showed that a force of the order measured could be accounted for 
by the partial pressure of the electron gas* It has been stated
by Haynes (1948) that for air and hydrogen using a wide variety of 
cathode material, a spark having a peak current greater than 100 amp. 
has a cathode and anode drop of the same order as that measured for 
a continuous arc. It is further stated, that it is therefore 
reasonable to suppose that the mechanism of vapour jet production 
is the same in both arc and spark discharge, and that the large 
reported differences between the vapour velocities in arcs and 
sparks is due to the incorrect interpréte.tion of the experimental 
results.
Working with sparks of microsecond duration in 
hydrogen to a mercury electrode, Haynes (1948) has shown some very 
striking photographs of vapour jets frcau the mercury surface re­
gardless of polarity. The anode and cathode jets are always found 
to leave the mercury in a direction normal to the surface, and pro­
ceed in a straight line regardless of the path of the spark. 
Spectroscopic examination of the light near the cathode shows that 
the jet is very largely composed of excited mercury atoms. The
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cathode and anode jet velocities were found to be respectively 
1*9 3C 10^ cm per sec, and 1.55 x 10^ cm. per sec. decreasing 
lineraly with distance from the mercury surface. This initial 
velocity was found to be independent of hydrogen pressure from 5 
to 153 cm mercury, and independent of current from 70 to 400 amp.
The independence of jet velocity with gas pressure is explained 
by Haynes on the assumption that the mechanism of Jet production 
lies close to the electrode surface. Here the hydrogen is 
quickly swept away by the jet, and the gas density locally is 
determined solely by the rate of mercury vaporization. This 
interpretation is supported by the examination of light intensity 
variation with time of the H.< and mercury( 5461A) lines at the 
cathode. The radiation of the mercury green line is a fair ana­
logue of the applied 2 microsecond current pulse, but the radiation 
of the Hot line is not. It reaches a peak at a fraction of a 
microsecond later than the current pulse and then decreases, in 
accord with the portulate that the hydrogen in front of the cathode 
is being swept away by the Jet.
Various mechanisms have been suggested in order 
to explain these observed jets, and that due to Finkelnburg (1948) 
would seem to satisfy the conditions postulated by Haynes under which 
they are formed. Finkelnburg (1948) has proposed a thermal theory 
to explain the production of electrode vapour jets by arcs and 
sparks based on the following mechanism. Vapour jets are
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ejected from the electrodes of any discharge if sufficient energy 
for vapour production is transferred to the surface of either 
electrode by the incident electrons or positive ions accelerated 
in the respective fall regions. As a consequence of the 
continuous production of new vapour, the vapour production in 
the time element just before is pushed away perpendicularly 
from the electrode surface by the vapour being formed. The jet 
velocity is then uniquely determined by the vapour production per 
unit area of electrode surface and the temperature dependent vapour 
density. The ion and electron energy is considered to be used 
solely in evaporating the electrode material and heating it to the 
jet temperature. Finkelnburg has found very good agreement 
between the computed value of the jet velocity on the above theory, 
and the experimentally determined values from his own work on high 
current carbon arcs, and those of Haynes on sparks to mercury. 
Finkelnburg points out that although the jet velocity depends on 
current densities, so does the latter depend on the nature of the 
electrodes. High current densities cannot be produced unless
space charges are sensibly neutralized, and this is possible in 
front of easily evaporated electrodes by ionization of the metal 
vapour. Any evaporation of an electrode thus, resulting from 
increased ionization, tends to increase the current density by 
contraction of the discharge and thus increases in turn the vapour 
production. Hence vapour jet production should be difficult
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with such metals as tungsten or molybdenum. Recent unpublished 
work by Holtham, Prime and Meek and also Craig, shows that 
experiments with sparks in hydrogen produce copious jets of vapour 
even with tungsten electrodes. From Meek and Graggs (1953) 
further comments have been made by Craig on Finkelnburgwork.
He has pointed out that the energy exchange conditions concerning 
the positive ions and electrons at the cathode is not sufficiently 
considered. It is suggested further that, since work on 
welding arcs has shown that most of the energy dissipated at the 
electrodes, is used to cause melting, then many of the properties 
of the vapour jets could be explained if the latter were composed 
initially of a liquid spray, or liquid jet, when the electrode metal 
left the parent surface. This has been discussed more fully 
by Anderson and Smith (1926), Langstroth and McRae (1938) and 
Williams, Graggs, Hopwood (1949).
Haynes (1948) has also shown that the energy 
of the mercury anode jet can be accounted for by positive ions 
crossing the anode fall of potential. Compton postulated in 
connection with certain mechanical effects at arc cathodes that 
neutralized positive ions would rebound from the cathode with 
energy (1-x), where x is the accommodation coefficient of the posi­
tive ions. Assuming the jet to be constituted of mercury atoms 
which have rebounded from the cathode, while, retaining (1-x) of 
their incident energy, it is not possible to account for the cathode
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jet velocity measured on mercury by Haynes, postulating 
such a mechanism. It has been suggested by Haynes (1948) 
that higher energy particles leave the cathode fall and these 
might be negative ions produced in the manner discovered by 
Arnot and Mlligan (1936). Such negative ions could 
sensibly account for the observed Jet velocity if the low 
value for the probability of production of the ions found by 
these authors were increased. Haynes (1948) finally 
states that the vapour jets from anode and cathode appear to 
be bent in a magnetic field in such a direction as to indicate 
respectively positive and negative charges on the particles. 
Langstroth and McRae suggest that neither diffusion nor the 
movement of charged particles from the electrodes can adequately 
account for the observed speeds, but that the cloud movement 
may be due to some explosive effect at the electrodes.
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CHAPTER II 
ELECTRICAL ERSAKDOWN IN LIQUIDS.
INTRODUCTION
Several theories have been suggested to 
explain electrical conduction and breakdown in pure insulating 
liquids and also for those containing particular types of im­
purity, when subjected to a static electric field. These 
theories are mainly qualitative, since the role of importance 
of the various processes which are considered to lead to the 
initiation of a discharge are still under study. In the present
work short duration (10 -100 microsecond), high current discharges
' ! 1 ■ . 1/■ .-r-
have been made in mineral oil at room temperature, having a vis­
cosity of 150 sec. Redwood at 100°F. No special precautions 
were taken to remove moisture from this oil, and since more than 
one discharge occurred during a set of experiments more impurity 
was produced due to decomposition of the liquid, and also erosion 
of the metal electrodes iimnersed in the oil causes finely divided 
metal particles to be distributed in the oil. Hence some 
discussion will be made concerning the breakdown of impure liquid 
dielectrics, together with a short resume concerning electrical 
conduction and breakdown in pure liquid dielectrics. The passage 
of a spark through a liquid involves i
(1) The flow of a relatively large quantity of electricity 
determined hy the characteristics of the external 
circuit.
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(2) A bright luminous path between the electrodes.
(3) The evolution generally of gas bubbles and the 
formation of solid products if the liquid decomposes.
(4) Erosion of the electrodes if sufficient energy is 
supplied.
(5) An impulsive pressure transmitted through the liquid 
with an accompanying expbeive sound.
Since the state of affairs during the development of the 
discharge is unstable, under suitable circuit conditions an 
finally forms in a bubble of vapour which extends round the gap, 
and the current is then carried by the ionized vapour.
Electrical Conduction and Breakdown in Pure Liquid Dielectrics•
Goodwin and Macfadyen (1953) have stated that 
the important processes in breakdown and also in electrical con­
duction of pure liquid dielectrics are:
(a) Electron emission from the cathode.
(b) Electron multiplication.
(c) Movement of positive ions in the field direction.
These workers have reviewed the existing theories of electrical 
conduction in liquids, and concluded that there is considerable 
evidence for electron emission from the cathode and no substantial 
evidence against ionization by collision. From their results 
on conductivity measurements, they have found that the current 
emission density from the cathode varies with field strength in a 
manner given by the Fowler-Nordheim relation for *cold* emission.
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Using the results of the conductivity measurements, assuming 
ionisation by collision and *cold* emission to occur, Goodwi% 
and Macfadyen (1953) have shown that a state of instability can 
result from the combined effects of cathode emission and field 
distortion due to ionic movements. This unstable state is 
interpreted as the condition for breakdown. Pr<m this analysis
the general form of the relation between gap length and breakdown
. 1
strength for n - Hexane is correctly predicted. Lewis (1953) 
has shown a marked dependence of breakdown strength for pure n - 
hexane on the cathode material, when a point plane arrangement is 
used with the point positive. The maasurements suggest that a 
material of higher work function gives a higher breakdown voltage. .
I
Lewis (1953) states further that even if it is assumed that the |
fields just prior to breakdown are enough to produce a sufficient ! 
supply of electrons from the cathode, there will need to be a 
further process of electron multiplication in the bulk of the liquid
i
in such a way that breakdown ensues in a catastrophic manner. Tlmsi
i
it is obvious that the dielectric strength will be determined by
both factors, i.e. a cathode field sufficient for electron emission,
, <
and a field in the bulk of the liquid tç(produoe adequate ionization. 
Experimental evidence suggests that these two fields are of the same
It
order of magnitude in most pure insulating liquids. On the 
hypothesis of ionization by collision, very soon after breakdown 
happens there must be a sudden rise in temperature along the ionised
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path causing vaporization, which produces the observed gas 
bubbles and also solid products of decomposition to be formed.
The formation of these bubbles may be of some importance, in 
that they collapse giving local heating and the formation of 
further vapour until all the characteristics of the discharge 
appear, and an arc regine is finally established in the vapour. 
Higham and Meek (1950) have measured voltage gradients of spark 
channels in gases and liquids, and also for channels restricted 
by thick walled glass tubes. The voltage gradients are increased 
for the sparks in tubes over those in free gas. The more the 
channel cross section is restricted by smaller diameter tubes, the 
greater the gradient becomes. These workers have suggested that 
the high voltage gradients for spark channels in liquids are 
probably caused largely by the constriction of the channel vdiioh 
cannot expand freely because of the opposition from the liquid 
boundary. The spark channel gradients observed for ordinary 
tap water, distilled water and transformer oil were all of the 
same order, and had values about eight times those for air at 
atmospheric pressure. When a discharge iz initiated in a pure 
liquid, the subsequent formation of a spark channel would seem, 
during part of its life at least, to be different from a channel 
forming in a gas, since in the former case liquid vaporization 
would need consideration. The luminosity of the spark in a 
liquid is stated by Whitehead (1928) to approach more nearly in
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appearance that of an incandescent body, and, as suggested, this 
may be accounted for by the formation of the bubbles of vapour under 
a considerable incisive pressure* Without further investigation 
it cannot be known whether this characteristic brightness occurs 
during the transitory spark stage, or during the later arc regime, 
since such an arc will be constricted and under considerable 
pressure due to the opposition from the liquid boundary. It 
would seem reasomble to suppose that the electrodu erosion must 
occur idien the liquid lias been vaporised, at least at the electrodes, 
owing to the far greater conductivity of the liquid compared with 
that of the gas, and the fact that electrode erosion is associated 
with the formation of a *hot# spot in a gaseous discharge. This 
is not established, however, and thus to what extent the electrode 
processes considered in Chapter I can be applied to this situation 
is not known.
Breakdown of Impure Liquids.
Whitehead (1928) has discussed the manner in which 
impurities are conceived to act in an insulating liquid subjected to 
electrical stress. The types of impurities considered will be 
assumed to act in one or a combination of the following ways:
(1) The short circuiting of the gap by mans of a 
conducting bridge.
(2) "Die effective shortening of a gap by a chain 
attached to one electrode.
(3) The effect of isolated nuclei in the gap.
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(1) Bridges.
In the present experiments with oil dielectrics, 
when several sparks have occurred in the same volume of oil and 
electrode erosion has produced metal particles, the possibility 
for the formation of conducting bridges would seem likely. 
Stekolnlkov (1950) has shown that on adding several cubic centi­
metres of an emulsion containing a large quantity of metal dust 
to pure transformer oil, a greatly enhanced electrical conductivity 
is produced iii gaps of 1 to 2.5 m.m. and this is attributed to the 
formation of conducting bridges. It has been concluded by Stek- 
olnikov that with an initial voltage < 250 volts applied to a gap 
issnersed in oil polluted with metal dust, that the discharge 
is initiated by the formation of conducting bridges. The gap 
lengths considered by Stekolnlkov are of the order of 10“^  to 10*^ 
m.m, hence it is not known to what extent this process can affect 
the initiation of breakdown for gap separations of the order 1 m.m, 
that have been used in the present work. The mechanism of break­
down following the establishment of a conducting bridge will be 
analagous to the blowing out of a fuse. A heavy current flows 
through the bridge disintegrating it and giving intense local heat­
ing. % e  liquid in the neighbourhood is decomposed and vaporised, 
the gaseous products themselves breaking down and giving the 
characteristic discharge phenomena. It is necessary that the 
energy given out during the destruction of the bridge should
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be sufficient to produce enough bubbles of gas or vapour 
in the liquid to ensure complete breakdown. The possibility 
of fibres or dust particles being present on the electrodes, 
or on the walls of the oil containing vessel used in these 
experiments, are likely. In combination with the moisture 
contained in the oil the fibres or dust particles could form 
conducting chains bridging the gap. 3uch bridges would then 
presumably initiate the discharge in a similar manner to the 
metallic conducting bridges.
(2) Effective Reduction of the Gap by Impurities.
If a chain of conducting particles becomes 
attached to one of the electrodes, it will eventually acquire the 
potential of the electrode, so that the electrode is replaced 
by a point and the gap shortened. These chains can be made up 
in a similar way as described in the last paragraph. Breakdown 
may then ensue either as in the case of a pure liquid, or as for 
a liquid modified by the effect of impurities other than those 
forming the chain or bridge. It is known that a gap with a 
pointed electrode breaks down at a lower voltage in pure oil than 
with a more uniform field. If, however, the breakdown from the 
end of the fibre is dependent upon other impurities present* then 
in some circumstances it should be possible for the presence of the 
chain to act giving a more uniform field over a shortened gap.
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This is explained by the fact that in the case of pointed 
electrodes, their curvature is often reduced by the concentra­
tion of impurities round them, hence producing a more uniform 
field. In either circumstance, this will result in a 
reduced breakdown voltage#
(3) Isolated Particles in the Gap,
It is possible that isolated particles or 
aggregates of particles which neither bridge the gap nor by 
becoming attached to an electrode, shorten it, can influence the 
mechanism of breakdown. It is possible that charged particles 
such as negative ions may exist in the liquid before the appli­
cation of a potential to the gap. Under the influence of 
thermal agitation and a sti^ng field, the electrons could possibly 
break away and acquire enough energy to ionize a molecule, 
producing cuimlative ionization and finally breakdown as described 
previously. This would then probably alter the role of the 
cathode in supplying the initiating electrons for the discharge. 
The breakdown voltage would then be dependent upon the field 
strength required to accelerate the electrons, in spite of re­
tarding collisions with the liquid molecules, to acquire ionising 
energies. Whitehead (1928) has suggested that isolated neutral 
particles may cause flux concentration in their neighbourhood and 
80 initiate local breakdown. It is pointed out that on the 
theory of ionisation by collision, this effect does not seem 
likely to be very important. Owing to the high retarding forces
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to the motion of an ion or electron in a liquid, the intense 
field must .extend over a sufficient path in order to enable 
ionizing energies to be reached. Whitehead (1928) considers 
that such bodies as gas bubbles, fibres loaded with gas, sus­
pended semi-conducting liquids may themselves breakdown giving 
bubbles of gas or vapour. Isolated particles may also serve as 
nuclei round which bubbles of gas and vapour produced by moving 
ions, may form. In either case, the result is the fomation 
of bubbles of gas or vapour. If the bubbles are sufficiently 
large originally and if the stress is sufficiently high, then so 
much energy will be generated within them that progressive vapori­
zation and decomposition of the liquid will take place in the 
neighbourhood, the bubbles at the same time elongating in the field 
of force until the electrodes are bridged.
For the experiments to be considered it appears
almost certain that the breakdown of the oil dielectric is initiated
by the presence of impurities. , No attempt has been made to
purify the oil and then determine its breakdown voltage under the
conditions of the experiments, but Gorge (1924) has shown that in 
uniform electric fields, the breakdown voltage for purified insula­
ting oil is mahy times greater than for this oil. No doubt the 
types of impurity described, all tend to reduce the breakdown volt­
age compared with that for the pure liquid, but no investigation has 
been made to discover the dominant breakdown mechanism.
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CHAPTER 3 c
T M  DISaiARGg CONDITIONS U8BD FOR OIL AND GAS DIELECTRICS 
Conditions for the Gaa Discharige
These discharges were carried out in free-air and also 
hydrogen and argon at atmospheric pressure approximately* The 
electric field between the electrodes is nearly uniform, since the 
electrodes are only slightly convex to one another, and also 
approximately one inch diameter with a separation at breakdown not 
greater than 1,5 m.m, and usually loss than 1 m.m. The edges of 
the electrodes were rounded to prevent field intensification near the 
edges, so that breakdown would occur over the more uniform field 
region between the electrodes. Two methods were used to raise the 
field across the electrode gap to a value at which breakdown ensued:
(a) the application of a static voltage to the gap, and
the subsequent reduction of the gap length bringing
about breakdown,
(b) a gap of fixed length to wiiich the voltage near the 
breakdown value was raised in steps of 100 volts, 
resting between each for about or» minute until 
breakdown was attained.
In these discharg-^ .£ pd<120 m.m. Hg x cm., where p « gas pressure and
d • gap length, but it does not seem certain that the Townsend
mechanism is finally established even for such short gaps.
In neither case have the electrodes been irradiated or any artificial
means used to produce the initiatory electrons for the discharge
process, so it is likely that considerable overvoltage may have been
applied to the gap. On the basis of a secondary mechanism dependent
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on positive ion bombardment of the cathode, a formative time lag 
corresponding to the time of movement of positive ions across 
the gap is to be expected. This is observed for gaps at low 
gas pressures, but much higher speeds of formation are recorded 
for the development of long sparks at atmospheric pressure, and 
are of the order of those corresponding to electron movement 
across the gap. Fisher and Bederson (1951) have studied the 
formative time lags of uniform field gaps 0.3 to 1.4 c.m. in length 
in air, at pressures from 1 atmosphere down to a few centimetres 
mercury for small overvoltages. They have found long formative 
times close to the sparking threshold, possibly corresponding to 
the time of transit of positive ions across the gap. It is 
concluded by Fisher and Bederson that the Townsend mechanism, based 
on the emission of secondary electrons from the cathode by positive 
ion bombardment cannot give an adequate explanation of the above 
results, as the time lags decrease much more rapidly with increasing 
overvoltage than can be accounted for by variation of positive ion 
velocities. The existence of long time lags at low overvoltages 
could imply that the motion of positive ions plays a part in the 
breakdown process. The fact that the time lags decrease continu­
ously and smoothly as the overvoltage is increased, indicates that 
the role of positive ions gradually declines in importance as the 
field strength is raised, until finally the time lags beccxne so 
short that positive ions may be considered to remain stationary 
throughout the formative time of the spark breakdown.
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A new theory of the spark was proposed by Keek (1940) and independently 
by Raether (1940), and is now generally referred to as the streamer 
theory of the spark. It is based on considerations of individual 
electron avalanches, the transition from an avalanche into a streamer, 
and the mechanism of advance of streamers. The theory involves 
ionisation processes dependent on the gas only, including ionization 
by electron collisions according to the Townsend — mechanism, photo- 
ionization, and space charge field effects caused by avalanches and 
streamers. It is not intended to discuss this theory here, however. 
Althou#% there is still considerable uncertainty about the spark 
mechanism, and differing views are expressed on the subject, the cloud 
chamber experiments of Raether (1941, 1942) are perhaps important. 
Raether has concluded that the avalanche-streamer transition is charac­
teristic for gaps in which p >  1000 m.m. Hg x cm, and for gaps in which 
p 4 1000 approximately, it is considered that the Townsend theory of 
the spark, dependent on a cathode j/- mechanism still applies. Hence 
for the gap lengths considered in these experiments where p < 120 m.m 
Hg X cm, it would seem that the Townsend mechanism is valid, but to 
what extent this mechanism may be modified by several percent overr 
voltage applied to the gap is not known. By whatever mechanism 
the discharge is considered to be initiated, a highly ionized spark 
channel is then established across the gap within about 10**^  secwds, 
for a gap length approximately 1 m.m. at atmospheric pressure.
The creation of this channel constitutes the spark breakdown of the gap, 
and the discharge of the external circuit then takes place through 
this channel. In the experiments to be described, two methods
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have been employed in discharging the current from the external
' j i. i '} < ' ’
circuit through the gap*
. .
(a) the external circuit is in the form of an artificial 
line charged to the same voltage as the electrode gap, 
and so arranged that idien spark breakdown of the gap 
occurs, the current through the gap rises rapidly to - 
a constant value lasting for a time dependent upon 
the constants of the artificial line -
(b) the circuit external to the spark gap consists of a . 
condenser inductance and resistance in series with it, 
and arranged so that the current from the charged con­
denser commences to flow through the gap at spark 
breakdown.
The circuit constants are so chosen that the current throu^ the 
gap lises slowly to a maximum value, and the rise and fall of current 
is approximately sinusoidal executing half a cycle only#
Theory of the Artificial Line
The problem of a charged artificial line or pulse forming 
network causing an approximately rectangular pulse of current to 
flow through an electrode gap following spark breakdown, can be 
investigated ty considering the discharge of a lossless transmission 
line T impedance Zo through a resistance R# Consider the circuit 
of figure 1, in which the switch d can be closed instantly, and is 
assumed to have zero resistance when closed# If the line is 
charged to a potential Vo, the current i (t) in resistance E after 
closing the switch is given by*
i(t) •“ Vo 
2o4R
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- Ü (t - 2i) ~ juCt-Zé) - O(t-4<0
* - "“-‘‘’J -..{
where U(^t) « 1 for^t;^o 
0(At) » o for At-^o 
At ** (t—n^), n " 2# 4# 6 — — —  
cT m oae way transmission time of the line.
If R « 2io that is if the line is matched, the current consists of a
single rectangular puls© of duration 2 / and amplitude Vo or Vo
2R Zo-m
if the line is not exactly matched. The development of pulse 
forming networks that simulate a transmission line is a mathematical 
problem in networth synthesis. As may be anticipated, no network 
ha^dng a finite number of el@nents can exactly simulate a transmission 
line which in reality has distributed rather than lumped parameters. 
Oulll^dn (1944) pointed out that since the rectangular pulse generated 
by a lossless transmission line has an infinite rate of rise and fall, 
it cannot be produced by a lumped-parameter network. Ouillemin (1944) 
stated that as it is Impossible to generate such an ideal rectangular 
pulse by mans of a lumped parameter network, the theoretical pulse 
that is chosen should have ,Unite rise and fall times. Mathematically,
this conditio means that the discontinuity in the pulse shape is 
eliminated, and that the Fourier series for the generated wave has the 
necessary property of uniform convergence throughout the whole region.
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The property of uniform convergence ineuree that overehoote and 
oscillations in the pulse can be reduced to any desired degree 
by using a sufficient number of network sections. The intro­
duction of an arbitary pules shape leads to a new difficulty 
insofar as the impedance function necessary to produce the given 
pulse shape is unknown. Instead of working backward from the
specified pulse shape to the impedance function neoessar}«^  to pro­
duce it, %diich proves difficult, Ouillemin makes the steady 
state alternating wave form produced by the circuit of figure (2) 
to be similar to the pulse shape desired. It is then assumed 
that the network determined on this basis will produce a pulse shape 
reasonably close to the desired form when used in the circuit.
This assumption has proved valid in practice. A trapezoidal 
alternating current wave has been adopted in this work, and this 
was originally discussed by Ouill«nin along with other possible 
shapes. The wave form is also shown in figure (2). It can 
be shown that*
oO
i(tj - j ^  i>y >i]fî
and l(t) Is dsflnsd by the aquationsi
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;
The integration for hy gives;
'
. . , , 4  jcM ,
= — • ---- —  £> f-ç xJ  ^ ( 3 5 - -  —  - -
V? yTra
Each term of the Fourier eeriee coneists of a sine wave amplitude 
ky and f r e q u e n c y . Gueh a current ie produced by the circuit 
of figure (3).
,1
. /Cv „• X
i) - i.i S _____________v J ^
JTTc»
t f
The value of 4 y and Cv may be determined by comparing coefficiente 
of the Fourier series which gives
Lx> . ^
yrrL yrr;z,
i*ere Zn - Vh and is termed the characteristic impedance of the 
I
network. The resultant network required to produce the given 
wave shape consists of a number of such resonant LC - sections in 
parallel as shown in figure (4). Networks of the parallel
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admittance type shown in the figure are inconvenient for practical 
use# The inductances have distributed capacitance# \diich in effect 
shunts them and# therefore# tends to spoil the pulse shape# and also 
the condensers have a wide range of vadues# Fran the mathematical 
point of view the impedance function characterizes the network# and 
all networks that have the same impedance function are equivalent.
Hence using the mathematical procedure outlined by Glasoe and Lebacqz 
(1946)# it is possible to arrive at the equivalent network shown in 
figure (5), and this is the type of pulse forming network that has 
been used in the experiments to be described. In the equivalent 
network the condensers (c) are all equal# but strictly the inductances 
(L) and (Ll) should differ from one another slightly. In the line as 
constructed# however# making only the inductances (Ll) different from 
the remainder is found satisfactory. The five section network in 
figure (5) has been produced from design data given by Glasoe and
Lebacqz (1946) for a trapezoidal pulse with a rise time of about 8%.
In the case of this five section network, the relative amplitude
of the fifth to the first Fourier coefficient is nearly 0.04# This
means the &mination of all harmonic components having amplitudes rela­
tive to the fundamental of k% or less.
Construction of the Artificial Line.
The network was constructed by winding a continuous solenoid
in such a way that its total inductance Ln » ^Zn. The total network
2
capacitance On - ^  is divided equally between the sections and each
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condenser is connected to a tap on the solenoid# The tape are 
located to obtain equal inductance for all sections except the 
ends which were arranged to have 20 to 30 per cent mrm self 
inductance, and the ratio of length to diameter of the coil is 
chosen by a method involving the use of Nagoaka*s function to give 
a mutual inductance which Is 15% of the self inductance of each 
centre section# This method of design will now be discussed, 
with reference to figure (5)# According to the above conditions 
for centre sections,
0#30 L 4 2L - @Ln « 2.3L
5
Thus the total inductance is 1#15 times larger than the sum of the
halves L# This ratio depends only on the values of the Nagaoka
OŒistant (1^ ) which can be found from a plot of the constant (A)
for the inductance of a solenoid by searching for a pair of values
k, and kz such that 1.15k when li « 2 lu Such a pair occurs
when ^  2.50, for which •» 0.85 and ri • 0#73* The design
d
then requires the choice of an average coil diameter and pitch such
that the desired total inductance 2#3L is obtained with a coil 2#50
times longer than its average diameter d, to be found by satisfying
both _ _ .
(1) 2#30L - 0.B5 X 10""^  XTT^ X n^d
2#50
and (2) nw, idiere w • number of turns per unit length#
n - total number of turns#
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The value of d was chosen so that when jL was satisfied, w
d
gave a convenient pitch so that a screw could be out on the 
hollow insulating cylinder used to retain and locate the 
solenoid correctly.
’Following this method of design, two pulse forming 
networks were constructed giving pulse durations of approximately 
10 and 100 microseconds, with calculated rise times of about 
S per cent. Hie ccmstruotional details and compcment values 
for these netwwks were as follows}
(1) The ten microsecond netwoHc.
Hiis was constructed from five sections as diagramatically 
represented In figure (5). The condenser C in each section was 
made up from two O.l/if nmim,! value, 500Ô volt working, paper 
dielectric condensers connected in parallel. The ooilds L and Ll 
formed a continuously pitch wound solenoid. The solenoid was 
supported on a hollow 2 in. diameter tufnol cylinder, and the turns 
were spaced from one another by locating the enamelled 23 S.’d.G. 
coi^r wire in a screw thread cut on the outside of the cylinder. 
The pitch was 4.5 threads per inch and the thread was sufficiently 
deep to retain appreximately half the cross section ^  the wire.
Hie three centre coil tappings were toads equal and the remainder 
formed the two end coil s value Ll. The connections frcm the 
condensers were made as ahort as possible, and this was attained by 
arranging that each tapping of the horizontally placed solenoid 
corresponded with its appropriate condenser. The solenoid was
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supported above the condensers by means of four short lengths 
of 16 8.W.G. copper wire. Holes were drilled across a dia­
meter of the cylinder at points where the tappings on the sole­
noid were to be made, and the copper wires inserted either 
fully across a diameter, or only inserted part way depending on 
which end of the diameter the tapping point came, since both 
the tape for L and Ll had 11.5 and 12.5 turns respectively. The 
tappings were connected to these stiff wires, and were then 
soldered to the tags at the condenser terminals, which formed a 
sufficiently rigid support for the solenoid. Eÿ measurement, it 
was found that:
^  I 5 4  L <X>id L M - 1 ^  ^  /f
and also by measurement of the inductance (L2) across two centre 
colls it was found that: 
k 1
Hence ccmsidering two centre coils,
/
2L 2M « L2
and substituting gives M «» 0.625 and ^  « 34- 37*,
L
It was previously shown that:
L a Ch = OT
h«ie*, X * iJU^ a Zm ^  ^
from the measured value In and the wminal value Cn/ '
^  0» I 0 ' ( >  y t t l e ^ ^ o S ' f ^ c o y t d  Zn »  3 ”*3 o/r
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(2) The hundred microsecond Network.
This was constructed in a sixailar to the other 
network, see figure ($). Here the cwdenser C in each secticm 
was made up from two l/^ F nominal value, 2500 volt working paper 
dielectric condensera connected in parallel. The colls L and Ll 
again formed a ccmiinuously pitch wound solenoid, and it was 
mounted in the same manner as described for the other netwoj^.
A 2 in diameter tufnol cylinder was used in a similar way as pre­
viously to retain and space the windirg of the solenoid. The 
pitch of the coil was .14 turns per inch, and the three centre 
coils consisted of 36 turns each with the two end coils 44 turns 
each, using 20 B.W.G. tinned copper wire. Using the same 
Tiotation as (previously, it was found by meaeuremsnt that:
 ^ 85^/J
hence M  - . /6'4%
L
also T 3 «fr COM/ ^
The measured values given for M in both networks were
L
seen to be sli^tly in error, and also Ll-L for the ten microsecond
L
netwwk was very low. The networks were found in practice to 
produce a sensibly trapesoidal current pulse idien used in the cir­
cuit figure (6), with a suitable resistance R about the same value 
as the netwox^ c characteristic in^ e^danee Zn.
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gxtexml Circuit fB)
For the experiments in which s slower rate of current rise 
was required than those given by the five section pulse forming 
networks, a single secticm was used. this network was formed from 
a condenser and inductance in series as shown in figure (3), and
this replaces (F) the pulse forming networks in figure (6), for
' ' ' ‘ . ‘ , 
these experiments. The resistance (E) in series with the netwox4c
including that due to the inductance (Ln) causes the series circuit
arrangement to be near critical damping, but the equations for oscil-
latoxy discharge apply since,
<  Jt—
4LtS LnCn
being the condition for an oscillatory discharge. The current thrmi^i 
the circuit endures for essentially half a period, hence for this net­
work^
T: = _____________y A s  -
The current rises to its maximim value in a time a't where
ZrT^.y tu C. 4th
It is asmmed that when this network is used in the circuit of figure
(6), that the spark gap does not greatly modify the value of R, since
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in the foregoing it has been considered to act like a perfect 
switch. This assumption is considered valid from what has been 
discussed previously concerning spark breakdown.
% l y  one network of this type was constructed. The 
capacitance Cn was made up from ten ly*F nominal value, 2500 volt 
working, paper dielectric condensers connected in parallel. The 
inductance In was forsmd from a single layer solenoid. This 
solenoid consisted of 63 turns D.d.G. 28 8.W.G. «lound on a 4 in, 
diameter hollow tufnol cylinder, with a pitch 28 turns per inch.
The winding was retained at this pitch by cutting a thread on the 
outside of the cylinder, in a similar manner as described for the 
pulse forming networks.
measurement with a Post Office box, it was found that 
the total series resistance, E » 8.34 ohms. This value neglected 
the impedance of the spark gap, which would be small aqyway. The 
inductance In of the solenoid was msaeured to be 395/«^ and hence 
using the nominal value for Cn - lOy* F
Z  \ ^ i c r o S €  e o n d  « K c /  e e o nd
Conditiopf f w  the Bleetrical Dischwpg# in O H
The same type of electrodes that were used in the gas 
discharges were also used for the discharges in oil. Only one 
method was used to raise the static electric field across the 
interelectrode oil gap to breakdown value, and this was as described
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under method (a) for gases earlier In the chapter. The external 
circuits described under (A) and (6) have also been used without 
sfiodification for these experiments. The electrical conditions of 
the external circuit are probably modified, however, due to differ- 
ences in the discharge conditions for the oil immersed electrode gap. 
Since the electrode gap is immersed in oil, its capacity will be 
increased over that for a similar gap in air in the ratio of the 
specific inductive capacity for this oil. This will alter the 
initial dieeharge conditions, since for a gap once the Interelectrode 
gap is bridged by a conducting channel, and an efficient secondary 
source is established, the electrodes first have to discharge through 
this channel, before current flows from the external circuit. Further­
more, with reference to Chapter (2), it is seen that these discharges
were initiated due to impurities present in the oil between the
..
electrode gap, and if conducting bridges play & role in finally 
bringing about a discharge in oil vapour, they might modify the rate 
at idiich the voltage collapses across the gap once conduction com­
mences. These two factors nr>uld modify the rate of rise of current 
in the external circuit as well.
Craig and Graggs (1953) have made measurements of the 
voltage gradient and channel cross section for hydrogen spark 
channels carrying 100 - 200 ampere rectangular current pulses 1, 4»
6 and 10 microseecmd duration at 1 atmosphere pressure. The gaps
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could be made long enough to make the channel orose section 
measurements in a region free from electrode vapour. It was 
found that the channel voltage gradient was independent of the 
electrode material for gap lengths varying from 4 to 10 m.m., but 
for gap lengths less thsai 2 m.m, the voltage gradient was no longer 
constant as the length was reduced. For both these regions voltage 
gradient measurements were made at various times during the current 
pulse. From the measurements of voltage gradient and channel 
cross section for hydrogen spark channels under the conditions stated 
above, these workers ccmclude that constant pressure (arc-like) 
conditions are set up in the channels in times less than two micro­
seconds. For the current pulses used in these experiments, the 
voltage across 0*1 m.m and 1 m.m electrode gaps falls to a 
practically constant value within lees than one microsecond. It 
would appear from these results that an arc-like discharge can be 
established for the 10 microsecond, and certainly for the 100 micro­
second current pulses used in the preeent gas discharges. Con­
cerning the discharges in oil, it is not possible to speculate about 
the 10 microsecond current pulse, but it would seem likely that the 
100 microsecond current pulse would finally lead to a gas or vapour 
discharge as described in Chapter (2). Without further knowledge 
concerning how the discharge in oil is initiated, more cannot be 
usefully said about the discharge conditions that are established
at breakdown.
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CHAPTER 4>
Opticftl Teekmlomee for the Examination of glactrodo Kro»loti Fe&tw##.
(1) The Flckera Projection Microscope >
Since all the optical techniques that have been used for 
measuring and observing the erosion feature» have involved the use 
of the ^dickers Projection Microscope*, a brief account of the 
important features of the instrument relevant to this work is given*
The aspect of mieroscopgr which is concerned here Is the examination 
of opaque objects, and with this mieroscope it is possible to use 
magnifications ranging from 18 x to 4400 x with normal incident 
illuffldnation from glass or small triangular metal reflectors. It is 
also possible to carry out atcroscopic examinati<m of opaque objects 
under sagnifications of 3 x to 39 x . %llst the instrument is 
primarily intended for examination of the final image of the object 
on a screen for purposes of photographing, an eyepiece is fitted xhich 
may be easily alternated with the screen projection arrangement. The 
magnifications referred to above are at the screen. Throughout this 
work a mercury vapour lamp, with a Kodak 77A Wratt^ filter has been 
used as the source of illumination, so as to provide monochromatic light 
(X • 5461). Figure 04) shows the schematic optical arrangement of the 
illuminating system for opaque objects. The iMmp condenser is mounted 
close to the source of light, and the aperture of the lens in use is 
controlled by means of an iris diaphragm (lamp iris). This lens is 
adjustable as the mount is arranged to slide towards or away from the 
source of light. In the figure, AB, represents the source, and the
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lamp condenser forms an image of the source at BA on the field iris.
The field condenser lens forms a virtual image at B^A* and this is 
re-imaged on the object at AB, after reflection at the surfaces of the 
vertical Illuminator* The glass reflector or vertical illuminator is
treated specially so as to increase its reflectivity* About 80%
of the li^t is passed to the illumination screen, and the remainder 
is reflected vertically upwards through the objective. After reflection 
at th9 surface of the specimen, the light rays return by the same path,
20% being reflected back to the light source, and the remainder passing 
downwards either towards the projection eyepiece to form the final imago 
on the screen, or down and through the visual eyepiece. iiAien the 
attachment that carries the glass reflector is withdrawn, the reflector
passes out of the beam, and it is then possible to owing into its
place a small triangular metal reflector. This metal reflector covers 
that portion of the objective through which the illuminating beam is 
passed. After reflection at the specimen it returns through the un-^  
obstructed.portion, so that effectively only part of the objective is 
used in Imaging AB on the surface, but the v^ole aperture of the objective 
is operative in receiving the reflected light back from the specimen.
This triangular or metal tongue reflector is used in particular when 
employing the li#&t profile technique, and this will be treated later.
The microscope is of the inverted type, that is to say, the > 
specimen is positioned above the objective. The stage upon which the 
specimen is placed is provided with a circular move«#nt with graduated
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scale and vernier. Two traverse movements at right angles and 
controlled by screw motions are provided. The focussing is carried 
out by a coarse and fine motion, %diieh mores the stage relative to 
the objective. Two operating heads coupled together are provided for 
the fine focussing movment, and one milled head carries a graduated 
drum for which 1 division «# 1 micron. By means of this it was possible 
to make depth or hei^t measurements on some erosion features, and this 
will be described later. '
(2) Reflexion Interfercmetry.
For some of the erosion features formed, it has been possible 
to employ the reflected system of interference fringes to study their 
topogra#%y, and it was found convenient to use *Flseau* localised fringe 
of equal thickness to do this. Raagr (1#6) showed several limiting 
c<mditions ^ich the fringe ^ intensity within the reflected «ystem could 
assume, and in particular that with high reflection coefficients the 
intensity distribution could be made to vary quickly, so as to give rise 
to very * sharp* fringes. Holden (1949) (1V50) has confirmed end 
extended the work of Hamy in an investigation of the reflected intensity 
distribution, given by an interfercmeter whose reflecting surfaces were 
formed by thermal deposition of silver to various depths, so as to form 
a full range of reflectivities from 4% to 92%.. The interferometer was in 
the form of a wedge, and the Fiseau fringes of equal thickness, localised 
on the mere order Peuesnor surface were used for the observations.
Holden (1950) has further discussed the conditi^s idilch control the
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sharpness and contrast of the fringes formed in reflexion, when they 
are applied to topographical measurement, and also considerations are 
made of the possible lirait of resolution of the inteiference method with 
reference to the surface structure under observation, i.e. continuity 
of the fringes contouring the particular feature. Tolaneky (I%8) 
has also discussed the reflected system in relation to the study of 
surface topograj^y, and it is proposed now to discuss briefly the factors 
influencing fringe formation applied to erosion feature measurements in 
the light of the work carried out by Xolansky and Holden as mentioned 
above. Basm of the important factors influencing reflexion fringe 
formation in an air wedge, formed between a reflecting metal surface 
and a silvered glass reference surface, as shmm in figure (7), are these:
(a) The wedge angle (e) formed between the two surfaces.
(b) The wedge separatiw (t) at the point under consideration.
(o) Collimation of the incident light.
(d) The reflectivity of the surfaces forming the interferometer.
(e) The spectral line width of the illuminating monochromatic
source.
(f ) The absorption of the silver film.
It has been shown by arossel (1947) that both (t) and (t) must 
be kept small, otherwise fringe asymmetry is introcWced purely on account 
of the wedge geometry. Since in the case of the erosion features to 
which the tecimique has been applied have surface depressions and elevations 
several microns deep in most cases, it has been necessary to bring the 
reference surface as close as possible by laying it in contact, and
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sometijwa applying pressure between the surfaces to maintain contact#
Hence the wedge angle (£) le not an independent parameter in the reflected 
system under these conditions# A^ssaotry and fringe broadening is intro­
duced if strict collination of the light is not observed# This requires 
the use of parallel light with a small source aperture, and it is usual 
to illuminate the interferometer normally, %dience the equation defining the 
occurrence of the minima is:
nA * 2t^ (n •* 1, 2, )
where n •» order of interference, A • wavelength of the Incident monochro- 
umtic light, « optical path length# The optical path length (t%) 
includes the geometrical path length (t) together with the j^se changes that 
occur due to reflexion and transmission at the interferometer surfaces#
Since it is assumed that the phase changes are considered to remain constant 
over the areas considered, it can be seen from the equation above that from 
one fringe to the next there is a gemmtrical change in heigjht of ^  .
The validity of this depends on the percentage of silver on the front surface 
of the interfero3T»ter, i.e. on the silvered glass reference surface.
Holden (1949) has shown how the Fiseau fringes of equal thickness vary in 
appearance, as the reflection coefficient of the iaterfercaaeter front 
surface varies from 4% to 90%. "Oie relative shapes of the fringes are 
governed by the front surface conditions, and an increase of reflectivity 
of the back surface only shai^ pens up all the fringes of the series.
As the reflectivity of the front surface increases beyond l^t, the fringes
.  59 -
become asymmetrical, and finally the visual appearance is that of 
fine minima. Above 65% a mlcrophotmeter is needed to detect the 
asymmetry, and above 85% this asymxetry due to the phase relations at 
the first surface, can no longer be certainly differentiated from that 
of asyaaaetry effects due to the geometry of the wedge. It is stated 
that when the reflexion coefficient of the front surface lies between 
60?» and 90%, the fringes are essentially symmetrical, and the change 
in optical path from one fringe to the next is In order to use
this range of reflectivity it is necessary to comply strictly with the 
conditions of email wedge angle (i), and «mil. wedge separation (t).
When these conditions are not fulfilled, the fringe system shows complex 
maxima and minima and a loss of contrast. As has been stated previously, 
the value of (t) is large, and in this case it is an advantage to use a 
reflectivity lower than 60% for the fmnt surface. The fringes produced 
are noticeably asymmetrical, but still provide sufficiently accurate 
measurements of surf ace topography, idiilo the contre at rmains good.
In this work it has been found suitable to adopt a front surface silvering 
of about 50%, matched against the natural reflectivity of the erosion 
feature under study. According to Holden (1949) it is valid to consider 
the change in optical path from one fringe to the next as for front 
surface silverings as low as 25%. The incident aonochrcsaatic light is 
produced by using a Wratten 77A filter to select the mercury green line 
( A» 5461) in conjunction with a mercury vapour discharge lasqp. It is 
possible to adjust the current density through the lamp so as to reduce
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the spectral line width* In these circumstances, however, the 
bx^dening due to line width is probably negligible compared with that 
due to the previous effects described*
Optical Bystem and Method of i^xaalnation*
The Vickers microscope has been adapted to be suitable for 
the application of reflexion interfer(mstry. The schematic arrangement
of the optical oyst«a is shown in figure(B). The interferometer is
positioned on the microscope stage at (X), and the microscope objective (0) 
has to serve the dual purpose of providing parallel light incident up<m 
the interferometer^ and also of imaging the air wedge, the fringes
are localised, at E* . These two functions of the objective are shown by 
the full and dotted lines respectively on figure (8). The mercury arc* 
light source is at (M) and (F) is a Wratten 77A filter to provide mono­
chromatic light* Iris dia(jiragm (3]^ ) controls the amount of light falling 
on the interferometer, and (Sg) allows the collimation of the light incident 
upon the interferometer to be adjusted* Since it is necessary to focus 
through the reference flat, which forms the front surface of the inter­
ferometer, it is necessary to choose its thickness accordingly# It was 
found that in most cases the 16 m.m. objective, numerical aperture 0*3 
was suitable, but sometimes an B m.m. objective numerical aperture 0.45 was 
used. The reference flat chosen so as to be suitable for the working 
distance of the B m.m. objective.
The procedure adopted for examining the erosion features was 
as follows. The silvered reference surface was placed face upwards on
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the microscope stage, the erosion feature required for observaticai 
on the electrode was then placed in contact with the central portion 
of the reference surface. In order to locate the erosion feature in 
the field of view it was only necessary to see that the patch of light 
visible on the silvered surface, coincided with the erosion feature.
It was some times found that the fringe definition was Improved by placing
1-
a weight of about 100 gm* on the electrode to ensure good contact between 
the two surfaces. It was necessary to rotate the microscope stage 
and hence the interferometer to find the best position to reflect light 
back to the objective, so as to make it possible to view fringes over as 
much of the erosion feature as possible.
Of the Reference Fiat and the Silvering Technique.
The reference flats used in these experiments were about one 
inch square and they were cut from cleaned glass photographic plate about 
A )  in. thick. Several pieces were cut, and from these were chosen 
scratch free pieces. The pieces were further examined in contact with a 
standard reference flat under a mercury lanqj, to select those pieces 
having flat areas which could be seen from the two beam interference 
pattern observed. Such pieces as these were then cleaned in the
following way. Firstly the pieces of glass were stood in conceïitrated
nitric acid for one or two minutes, and then thoroughly rinsed in water. 
The faces that required to be silvered were then dried with cotton wool.
fir
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changing the cotton wool frequently, until the breath figure upon the 
glas» surface disappeared quickly* Several surfaces were prepared 
in this manner, and they were then ready for placing in the bell jar of 
the silvering plant. This plant manufactured by W. Mwarda & Co. is 
used to coat the reference surface with the silver film of deaired 
reflectivity. ’ The glass surfaces were subjected to ionic * oR^rdraent 
at a pressure of about 10"^ m.m. Hg as a further cleaning process, when 
in the bell jar before the evaporation of silver. The silver pellets 
were contained in a shaped molybdenum filament, and evaporaticm of the 
silver is produced by passing a high cunrent through the filament. This 
evaporation is carried out at a pressure of less than Evaporation
at a sufficiently low pressure is important in ensuring that the absorption 
of the silver film is low, otherwise the fringe c<mtraat is poor. The 
glass surfaces are supported on a platform vertically above the filament, 
and at such a height that uniform coating occurs. The correct reflectivity 
is judged by locking from the top of the bell jar through the surface 
being coated at the %d%ite hot filament. %  experience it is possible to 
judge when the evaporation has pr^^duced approximately the correct reflec­
tivity i by the observed darkening of "the filament. After removal from 
the coating plant the silvered surfaces are stored in a dessicator until 
ready for use; The surfaces are not kept for more than 24 hours before 
use, and following this fresh silverings are made cm account of the Increase
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In absorption occurring. The final teat of whether a suitable 
intorferoiaetric coating has been produced is, of course, whether 
the reflected fringe system is satisfactory.
The Resolution of Burfaoe Topography.
Ihe purpose of Uie Fiseau interference, fringes when applied 
to studies of surface topograj^ is to give information about the 
relative heights al<mg a line direction across the feature. The 
factors governing the degenerati<m in sharpness and exact focus of 
the fringes set the limit on the structure that can be revealed by this 
method. Holden (1951) has considered the conditions to be satisfied 
eo that a fringe may continuously contour a stepped feature on a surface. 
The criterion for resolution is stated in the form €« 0.006 radians, i.e. 
the nmxlmm allowable ^ wedge angle that can be tolerated. It is found 
that in many of the erosion features observed the fringes sometimes cease 
to contour in parts. For the features examined, this is due partly to 
faces which are too steeply inclined to the reference surface, and also 
probably due to pow specular reflectivity over parts of the feature 
causing confusion of the fringes. ,
(3) The LlRht Profile Technique.
Tolansky (1952) (a), (b), has described a considerable develop­
ment of the flight cut* procedure, used by Schmalta (1936). With the 
light profile method of Tolanaky, topographical examination of surface 
structures can be made with effective magnifications both in depth and 
in extension of x 2000, and of resolution approaching in depth depending
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on the surface under examination. The method has been particularly 
useful in the evaluation of the erosion features, to decide whether 
they are depressions or elevations, since the Fiseau reflection fringes 
do not directly give this information. It is also possible to naUce 
quantitative depth measurements using the light profile, and this is 
particularly useful when the structures are too coarse for the appli­
cation of inter far (xsetry. In Chapter (6) examples are given of the
light profile method of examination, but it has been mainly applied to 
obtaining qualitative results. The light profile method has been used 
in conjunction with the Vickers microscope, and the schematic arrangement 
of the optical ^stem is shown in figure (9). The mirror(M) in figure (9) 
represents the triangular metal reflector of the Vickers microscope 
previously described, and it allows an off-centre Incident beam to illuminate 
the surface under examination at (X). By virtue of the lens (Lg) and the 
microscope objective (0), the iris dlaphra^ (3g) is imaged on the surface 
at (X). In order to produce the profile line on f M  surface to be examined, 
it is only necessary to place an opaque line across the iris idaphragm (Sg)* 
The method used to do this was to m k e  a fine scratch across a thin piece of 
glass which was then held so that it could be moved backwards or forwards in­
side the iris diaphragm mount. Since the iris mount also moves in a 
similar way, it is possible to position the scratch in the correct plane.
Due to the oblique illumination, the effect of the arrangement is to con­
vert a profile in depth into a line pattern in extension. Tolanaky (1952)
(a), has cdlibrated the light profile microscope for depth measurement by 
means of multiplebeais interfercmetry, when using 2 m.m. apoehromat, 4 m.m.
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achr<»aai and & m.m. achromatic objectives. A factor (R) has been 
determined for each objective. Which gives the magnification in depth 
as (HR), where (M) is the overall linear magnification of the micro­
scope, thus making it possible to combine a particular objective with 
any eyepiece. The values for (R) are as follows:
4 m.m. achromat : 1.23
8 m.m. achromat ; O'SG
Certain difficulties are encountered when attempting to esq)lcy 
the light profile technique. These are d^ io to; (a) the lateral extent 
of the erosion feature, (b) the depth of focus of the system. These 
two aspects are inter-related to one another. In rmny cases It is 
required to observe the li^t profile for the complete erosion feature, 
but since it is necessary in this work to use either the 4 m.m# or 8 m.m. 
objectives to obtain sufficient magnification in depth for the profile, 
it is then not possible in some cases to observe the feature complétély 
because of the great lateral magnification* Owing to the necessity 
of working with high power objectives, the depth of focus of the system 
is correspondingly limited. It is found scsaetimes that the profile 
line does not r«aain in focus sufficiently well over all the feature, 
whereas the depth magnification is only sufficiently adequate, and 
therefore does not allow the use of a lower power objective. A further 
limitâtIcn is placed on the interpretation of the light profile photographs, 
when the profile line is deviated due to a curved surface. The values 
of (R) given above are for simple stepped features in udiich the faces are 
^rpendicular to the microscope system. When curved surfaces are
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involved, the deviatlm of the profile line may be altered due 
to image formation from inclined faces, apart from the elevation or 
depression of the feature. It would seem reasonable, however, to 
accept the values of (R) to apply to those regions of the erosion laying 
perpendicular to the axis of the microscope.
The method of mnploylng the technique in practice is simple.
The feature to be observed is located in the field of view, and then
the iris diaphragm (3g) is adjusted in position so that the scratch on
the glass is imaged satisfactorily on the feature as seen on the screen. 
Within the limits of the depth of focus, it is then known thxt the 
scratch is imaged very close to the surface of the feature under examina­
tion. With this method it is obvious that the full resolving power 
of the microscope is available, which makes the method most advantagecms. 
The profile photographs in Chapter (6) are mounted so that a deviation of
the profile to the right denotes a depression, except where otherwise
stated.
(4) Depth Measureaents Dsin/z the Hiscroscope*
For some of the depth measurements made on the erosion features, 
it has only been possible to use a cdlibrated microscope. The method 
employed was very simple, and consisted of focussing on the surrounding 
electrode surface, and then on the point where the depth was to be found, 
again using the Vickers microscope# It was found suitable to employ a 
4 m.m. objective, having a numerical aperture 0.95# which gives a depth 
of focus about + 0.2 x 10^ cm. Wherever possible the objective was
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set on the surrounding electrode surface at four positions at right 
angles, and the average drum setting used* In the experiments it 
was usually the deepest point in the crater that was to be measured, 
and hence the stage was moved about until a maxisaim difference in the 
drum reading was recorded ccwipared with that observed for the surrounding 
surface*
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CHAPTER (5)
nP^IMMTAL ARRANCSEMENT AND TECHNIQUE F(B THE DISCHARGE 
The Spark Gap
The same spark gap with slight modification has been used for 
the discharges in oil, as for air and other gases. The spark gap for 
air and other gases is arranged in the following way. The electrodes 
are supported so that the discharges occur in a vertical plane, the 
cathode being supported coaxially above the anode in such a way that the 
surfaces lay approximately in a plane horizontal and parallel to one 
another. The lower electrode is held on a ball joiit arrangement, and it 
can be raised or lowered by a screw thread passing through a keramot base 
plate to a milled drum. The other electrode is attached to the spindle 
of a modified micrometer screw gauge, and the screw gauge is held in 
another similar keramot plate coaxially above the base plate. These two 
keramot plates are kept approximately 4 in. apart, by three brass spacers, 
which pass through the base plate to form the supports for the spark gap. 
The micrometer is calibrated to lO*'^  m.m., although the electrode gap 
length would not be capable of this accuracy of setting. The electrodes 
can be made approximately parallel to one another, by bringing them into 
contact and allowing the lower electrode to take up the required position. 
The upper electrode can then be moved away the require distance by the 
micrometer screw gauge. Figure (10) shows a photograph of the spark gap 
with the electrodes in position. Electrical connection with the electrodes 
is made in the following way. Connection to the cathode at the upper
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electrode is made through the body of the micrometer to the spindle*
The method of attaching the electrode to the spindle will be described 
later. Connection to the anode is made by a flexible copper wire 
to a brass cylindrical block screwed to the ball joint, and to which in 
turn is screwed the anode. The arrangement of the brass block and anode 
are described later.
The spark gap is modified to carry out discharges in oil by 
attaching a cylindrical container for oil to the ball Joint, in place of 
the brass block described above. The oil container was constructed from 
a hollow perspex cylinder 1 in. long and 2 in. inside diameter, and the base 
was made from a brass disc with a shoulder cut on it so as to form a push
fit into one end of the perspex cylinder. Electrical connection was then
made by means of a flexible copper wire to the brass base on which the anode
was screwed. Adjustment of the electrode gap can then be carried out in a
similar manner as described above, before the oil is introduced into the 
container. When the upper electrode is lowered into position for
passing a discharge, both electrodes are covered in oil.
The Qharging Circuits.
In the experiments v~'J.;r consideration only single transient 
discharges were required, and thus the power requirements for charging the 
pulse forming networks were very small. Chapter (3) described two 
methods for raising the electric field across the gap to breakdown value, 
and this has required the use of two slightly different charging circuits.
These will now be described separately, (a) Static Voltage applied to Spark Gap
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In this method the pulse forming network (P) and the spark gap (G-) 
shown in figure (6) are charged to a predetermined voltage, depending 
on the required discharge current amplitude. The charging is carried 
out by closing the switch (S), until a voltmeter across (G) records the 
required voltage. The 50 cycle alternating voltage (V^) is adjusted 
together with the 25 ohm rheostat, so that transformer (1^) just 
charges the network and spark gap to the required voltage. The 
rectifier (2 x 2) is a hard valve, and the charging current is limited 
to a suitable valite by the 100 k series resistance. When the network 
and gap are charged, the charging source is isolated by opening switch
(S). The gap length is then reduced, resulting finally in electrical 
breakdown either In oil or gas dielectric. The procedure for carrying 
out the discharges will be outlined later on.
(b) Fixed Spark Gap Length: This method was used when erosion investi­
gations in gases other than free air were carried out. The charging 
arrangement is shown in figure (7a), being similar to that in figure (6). 
The 50 cycle alternating potential (V^) supplied to the transformer (Tg), 
is varied by the potential divider acting as a coarse adjustment, and the 
78 ohm series rheostat for fine adjustment. Knowing very nearly the 
breakdown voltage required for particular conditions and gap length, 
it is possible to set the voltage across the gap just below breakdown 
value with the coarse adjustment, and then by means of the fine adjustment 
to raise the voltage across the gap in steps of about 100 volts until 
breakdown ensues. The moving coil voltmeter (E) resistance 20,000 ohms
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per volt is used to indicate permanently the voltages across the 
spark gap (G). Although the charging source is connected throughout 
the discharge to the spark gap, the 100 K resistor limits any current 
from the transformer through the gap to negligible proportions, compared
with that due to the charged network (P),
The circuit in figure (6) is capable of producing voltages across 
the electrode gap up to 5*5 KV, but in the other circuit no voltages 
much higher than 2 KV were produced.
Method for Carrying Out the Discharges in Oil.
The electrodes are first cleaned hy immersion in benzene, dried, 
then immersed in alcohol and finally dried. The anode is screwed to the
base of the oil container, which was cleaned in the same manner as the
electrodes, and it was then mounted on the ball joint arrangement. The 
other electrode is screwed to its mount, and the whole assembly attached 
by means of three grub screws to the micrometer spindle. Having adjusted 
the oil container and anode to the required height, by means of the screw 
thread arrangement provided, the connection to the anode is made through 
the base of the container as described. The cathode is then moved into 
contact with the anode, so as to bring them into parallelism, and then 
withdrawn from one another to a distance 2 or 3 m.m. greater than the 
maximum gap length, at which breakdown is expected. This distance has 
been found by experience. Oil is then admitted to the cell up to a 
level coinciding with a mark on the perspex cylinder, so that both 
electrodes are covered with oil. The cathode is rotated so as to ensure
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that the electrodes and air gap are free frcm visible air bubbles. The 
pulse forming network is then charged to the required voltage as des­
cribed under (a) above, the source isolated, and then the micrometer 
head turned slowly with an insulated screw driver, so as to advance the 
cathode towards the anode. When breakdown has occurred, air bubbles and 
carbon particles are seen in the electrode gap, and the gap separation 
is recorded. The air bubbles are cleared away by movement of the upper 
electrode, and the same gap separation is reset again. The previous 
procedure is then followed again, and in this way many single discharges 
are passed. Not more than twenty discharges have been passed during 
one experiment, and the number usually depends on the discharge conditions 
and also the electrode metal. Sometimes it is not possible to pass 
many discharges, since one erosion area falls very near another, confusing 
both features.
Method for Carryi^ Out the Discharges in Free Air.
The electrodes were cleaned in the same manner as for the dis­
charges in oil. The method of attaching the cathode to the micrometer 
spindle is also the same as for the discharges in oil. The only differ­
ence in the arrangement is that the oil container is replaced by a cy­
lindrical brass block to which the anode is screwed. Having adjusted 
the height of the anode, the flexible lead is then soldered to the 
connection on the brass block. The cathode is then brought into contact 
with the anode to adjust the parallelism, and they are then moved apart 
again, to a separation about 2 or 3 m.m. greater than the gap length
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required for sparking. The pulse forming network is then charged 
to the required voltage as described under (a), and then the charging 
source isolated. The cathode is then advanced slowly towards the 
anode, in a similar manner as described for the discharges in oil, 
until breakdown occurs. The gap separation is then recorded, and the 
gap separation reset again if it is required to pass further discharges. 
Dlseharit.» in Atmosphères.
For carrying out the discharges in hydrogen and argon the spark 
gap is placed in a glass bell jar 14 in. high and 12 in. diameter. The 
bell jar is mounted on a brass plate which is provided with openings to 
allow the chamber to be evacuated and also to admit other gases. The 
base plate is also provided with insulated bushings so as electrical 
connection can be made with the spark gap. To the chamber is connected 
a mercury manometer, which is used to indicate the rate of flow of gas 
admitted to the chamber, and also to indicate when atmospheric pressure 
has been reached. Such an indication is necessary since the hydrogen 
and argon are provided from high pressure cylinders, and it is required to 
carry out the discharges at approximately atmospheric pressure. The 
purity of the argon was 99*99^ and the hydrogen 99.95%. When air was 
used in these experiments, it was admitted slowly to the chamber over the 
phosphorus pentoxide trap, but the other gases were admitted straight 
to the chamber from the cylinder. By means of the rotary oil pump, 
and the oil diffusion pump, it is possible to reduce the pressure in the 
chamber to about 5 x 10*"^  m.m. Hg.
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The method of carrying out the discharges in the chamber is as 
follows. The electrodes are cl^ dned and mounted in the same manner as 
described previously for the discharges in free air. The chamber is 
then pumped to a pressure of about 10*5 m.m. Hg, including the tube con­
necting right back to the gas cylinder. The chamber is then isolated 
from the atmosphere, by closing off the rotary pump line, and gas admitted 
from the cylinder slowly into the chamber. When the manometer showed
that the pressure is a few cm. Hg. below atmospheric pressure, the chamber is 
opened to the atmosphere, allowing the gas to flow through the chamber 
and pumping line to the atmosphere. The cylinder had a meter attached, 
which indicated the yolume of gas that had flowed from the cylinder, and 
as much gas again is allowed to flow through the system as was required 
to raise the pressure to atmospheric. When this is done, the cylinder 
needle valve is almost closed, the chamber finally isolated from the atmos­
phere ,, and the needle valve closed îdien the mancmeter showed an excess 
pressure of about 1 cm. Hg. above atmospheric pressure. The spark gap 
length is set initially to breakdown at a predetermined voltage, and the 
method of producing the discharge is described under section (b) above. 
Mounting and Preparation of the Metal Electrodes
The metals that have been formed into electrodes for these experi­
ments are Tungsten, Mild Steel, Nickel, Aluminium, Zinc, Cadmium, Tin,
Lead and Bismuth. The way in which these electrodes are constructed varies 
for different metals, but the geometrical shape of the electrodes are 
similar. The electrodes have a slightly curved surface with rounded
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edges, and a diameter of about one inch. The remainder of the electrode 
is shaped in the form of a cylinder about in* deep. The cylindrical 
portion is sometimes brass, however, and the various forms of electrode 
construction will now be described:
Tungsten Electrodes
These electrodes are formed by holding 1 in. diameter tungsten 
discs *[4in. thick in brass mounts. The mounts are made from brass cylinder 
liin. diameter and\in. thick. The edges of the tunsten discs are slightly 
ground away, and one of the faces of the brass cylinder is recessed 
sufficiently to receive the disc, but so that it stands slightly proud of 
the shoulder remaining on the mount. With the disc pressed firmly 
against tl^ recessed face, the shoulders are spun over so that the disc 
is retained and makes good electrical contact %dth the brass mount. The 
protruding edges on the tungsten disc are rounded off together with those 
of the brass mount, giving a smooth rounded parofile at the edges. The 
purity of the tungsten is 99.95%.
Steel. Nickel and Aluminium Electrodes
The electrodes were made completely from the same material, and 
shaped as described, by machining on the lathe. The steel was ordinary 
mild steel, the nickel was pure, and the aluminium of unknown purity.
Zinc. Cadmium. Tin. and Bismuth Electrodes
3ince these metals have low metllng points, it was a simple matter 
to cast a thin layer of the metal to form the electrode surface. The 
other part of the electrode was formed from a piece of brass cylinder l^ ^^ in.
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diameter and about^^^in deep# One face of the cylinder was recessed
to a depth of approximately%(in.# leaving a thin lip at the edge. Into 
this recess was poured the molten metal, and by surface tension the level 
was maintained higher than the lip. The solid metal was obtained in 
the form of rod except for the zinc, which was granulated. The metal 
was put into a porcelain crucible, and together with the brass cylinder 
placed in an electric furnace, and raised to a temperature some 100^0 
greater than the melting point of the metal. The cylinder was then 
removed from the oven, and the metal poured from the crucible into the 
recessed cylinder. The cylinder containing the molten metal was then 
replaced in the furnace, and with the current switched off and the door 
closed, it was allowed to cool slowly, which todc several hours. The 
metal face was then machined off in the lathe to produce a plane surface, 
and the edges rounded so as to produce a smooth profile falling away from 
the surface. By this means it was possible to produce surfaces of the 
above metals free from holes, and with good electrical contact between 
the brass cylinder and metal surface. The lead and bismuth were of 
spectroscopic purity, and the cadmium of commercial purity, which were 
supplied by Johnson and Mathey. The tin was 99*99% pure, and the zinc 
of unknown purity.
The cathode and anode were made similarly, and the method of mount­
ing the electrodes in the spark gap will now be described. Along the 
axis of the cylindrical portion of the electrode a hole is drilled and 
tapped. For the cathode, an adaptor is made in brass to attach it to the
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micrometer spindle. This adaptor consists of a thin brass circular 
plate with a screw set at its centre, so that the electrode can be 
screwed onto it, and then contact is made between the back face of the 
electrode and the brass plate. On the other side of the brass plate 
there is a collar, and by means of three grub screws the whole assembly 
is attached to the micrometer spindle. The anode is not screwed directly 
to the ball joint. A cylindrical block of brass about the same diameter 
as the electrode, and ^ in. thick has a short screw set at the centre of 
one face, to which the electrode can be screwed, and the centre of the 
other face is drilled and tapped to receive a screw from,the ball joint.
To the side of this cylinder is attached a soldering tag for making the 
anode connection. I
PrsTParation of the Electrode Surfaces
Two different methods have been used to prepare the electrode 
surfaces after machining. These methods of surface finish are called 
•Ground^ and ^Polished^. The procedure adopted for the tungsten electrodes
was slightly different than for the other metals, owing to its much greater 
hardness, and this will be described separately.
*Gh"ound* Surfaces
For this method of preparation, the electrode surface is ground 
with carborundum powder against a 6 in. diameter steel lap, and the surfaces 
are lubricated with water. The grinding is carried out on an automatic 
polishing machine, in %dilch the specimen is clamped to a polishing head, 
which rotates it in small circles about a fixed centre, while the steel la^p
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also rotates* The motion of the specimen over the lap produces & 
track nearly as wide as the lap radius, and causes the sui faoe of the 
specimen to become slightly curved as the grinding process continues*
Only two grades of carborundum powder are used, and grinding with each 
grade is continued until a uniform appearance of the electrode surface 
is produced* Number 240 grade powder is used first, followed by 
grinding finally with 600 grade powder, which produces a smooth, matt 
surface*
♦polished^ Surfaces
The conventional method oÿkétalographic specimen preparation has 
been used for these surfaces* The method used here was to rub the
specimen on a sheet of emery paper, supported on a flat piece of plate
glass, until a series of parallel scratches are produced* The specimen 
is then turned through a right angle, and a further series of parallel 
scratches produced with the next finer grade of emery paper, until the 
previous scratches are removed, and then the process continued for as 
long again* This process is then repeated with the next finer grade, 
and it was usually found that it was not necessary to use an emery paper 
finer than number 500 carborundum powder, before the specimen could be 
successfully polished#. The specimen is polished on a flat cloth lap, 
which is impregnated with a very fine abrasive called ^diamartive»* The 
diamartive is mixed with water, and the suspension is dripped onto the
velvet cloth* The lap rotates at high speed, and it is necessary to hold
the specimen with the fingers against the cloth* In order not to cause
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the surface metal to flow in one direction only, the specimen was 
turned through a right angle at a time as the polishing proceded#
In this way a very good polish is produced, removing most of the 
emery paper scratches.
Preparation of the Tungsten Surfaces
Since the tungsten surfaces are so hard, it was only found 
practicable to grind them with carborundum powder against a steel lap, 
in a similar manner as was described for the other metals# In the 
experiments described, tungsten • ground• surfaces were used, and these 
have been prepared in this way. Polished tungsten electrodes are 
eaatty produced by grinding the surfaces first with 240 and 600 grade 
carborundum powder as described, and then buffing on a cloth lap in the 
manner described in the last paragraph#
The same electrodes have been used throughout for the experi­
ments in oil and gas dielectrics by removing the erosion areas formed 
from previous discharges# If for any specimen it is required to alter 
the method of surface preparation, the surface is remachined before the 
other method is applied#
Current Pulse Measurinent and Display
The amplitude of the current flowing during the discharges was 
measured by means of an osdlloscope. The method consisted of measuring 
a fraction of the transient voltage developed across resistor R2,
(figures 6 and 7a)# with an oedlloscope, during the discharge, and hence 
determining the current flowing through the spark gap (G). The potential
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divider arrangement used to apply a suitable fraction of the voltage 
developed across Rg, to the oscilloscope plates is shown in figure (11)# 
This method has been applied for displaying the current pulse during 
the discharge on the oscilloscope, and figures (12) and (13) show 
respectively typical photographs of 10 and 100 microsecond pulses 
obtained in this way# The linear time base sweeps from left to right 
and owing to the delay time of the time base, the leading edge of the 
two pulses were not recorded# The time base will be discussed later# 
Referring to figure (11 ), (Rm 4 R^ )^ was made equal to the characteristic 
impedance of the cable, and hence no reflections appear in the pulse 
passed to the oscilloscope plates# Under the conditions applying in 
the experiments, it is seen that:
Vs M .
%  +«4
where V is the voltage amplitude developed across R2# The ratio of 
the divider is sufficiently high, so that the impedance of the high 
voltage section can be considered infinite compared with the impedance 
of the low voltage section. The resistance Rg is thus undisturbed by 
the effects of mismatch between the divider and the cable# Since 
the high voltage section of the divider (R3) and also (Rg) have voltages 
developed across them of up to nearly 2500 volts, it was necessary to 
construct these resistors from a number of smaller value resistors in 
series# The constructional details of the potential dividers are 
as follows:
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The 10 microsecond Potential Divider.
Resistor (R3) was constructed frcm 3 nominal 1 k ^ watt carbon 
resistors connected in series. Resistor (Rg) was constructed from 4 
nominal 1 ohm ^  watt carbon resistors ccmnected in series, and in addition 
two similar resistors connected in parallel and added in series with the 
other four resistors. Resistor R/^  was a nominal 47 ohm ^  watt carbon 
type. By measurement with a post office box, the following values were 
obtained for the resistors.
R2 * 5.8 ohm
R3 « 3106
R^ « 61.35
Hence the divider ratio (B) defined ass
B “ S.3-JLJ4
= 51.63
The 100 microsecond Potential Divider
For thiscMder,, resistor (R3) was constructed from two 1 k 
resistors similar to those for the other divider. Resistor (R2) was 
constructed from five nominal 1 ohm resistors connected in series.
Resistor (R^) was a nominal 47 ohm ^  watt carbon type. Qy measurement
the following values were obtained for the resistors:
R2 « 5.2 ohm
R3 = 2116
R4 = 49.83
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Here the divider ratio (C) as defined previously is
C = 43*46
Current Measurement for External Circuit (b)
Circuit (b) was described on page 50, Chapter (3)# and 
for this circuit a different method was adopted for measuring and 
viewing the current pulse during the discharge. Figure (14) shows 
the method adopted in this case, and (Rm) is equal to the characteristic 
impedance of the cable. Since (R^) is about forty times smaller than 
(R^), the sudden increase in the voltage across the viewing resistor 
(R^), that occurs when the initial wavefront returns frcm the open end 
of the cable at the oscilloscope, will not appreciably change the current
through the spark gap. Figure (15) shows a typical photograph of a
current pulse due to a discharge occurring in circuit (b), and again it 
can be seen that not all the front edge of the pulse is visible. The 
construction of resistors (R^) and (R^) are as follows: Resistor (R^)
was made up from two nominal 10 ohm 2 watt carbon resistors Joined in 
parallel, and (R^) used five nominal 1 ohm è watt resistors connected 
in parallel. Measurement with a post office box gave the following 
values:
; ’
Rj •* 4*930 ohm*
R^ - 0.221
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The Linear Time Base
The time base is externally controlled, being triggered at the 
commencement of the discharge, causing a single sweep of the spot on the 
cathode ray tube screen. The circuit is shown in figure (l6), and was 
developed by Williams and Moody as a two valve Miller time base. Valve 
(Vg) is the Miller capacitance valve, the Miller condenser being (G^) 
while the integrator resistance is (Rg). The valve (Vg) receives an input 
signal from the anode of (Vg) via (C4) and (R9), and feeds back a phase 
reversed and amplified signal to the suppressor grid of (V2) via (7^2) and 
(Rio). This valve (Vg) is triggered by a negative pulse applied at (2) 
via (Rix) and the diode (V/^ ), appearing at the grid. p.uckle (1951) 
has discussed the operation of this circuit, and also Miller - capacitance 
time bases. The output of the time base from the anode of (V2) via the 
condenser (C^) gives a linear saw tooth wave of negative going amplitude, 
and the maximum amplitude obtainable is approximately 200 volts, which 
can be controlled by rheostat (R2). During this linear run down a current 
200 flows in (R^) and the rate of run down is 200 which controls the sweep
C^ 8
speed of the cathode ray spot. The run down commences at the potential
f I
to which (Rg) is set ( % 2 *^ and continues until practically zero volts.
In the time base, the connections to condenser (O3) were made through a 
Yaxley type multi-pole switch, so that different values for (C3) could be 
switched into circuit, giving various sweep speeds. Since the current 
pulses were to be photographed, it was convenient to arrange that the 
cathode ray spot was only brought to full brilliance during the time of the
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linear nan down period, so that the spot was suppressed before the 
commencement of the time base, and also during the fly-back period.
It was a simple matter to arrange this within the existing circuit.
During the period of linear run down at the anode of (Vg), a positive
square wave is generated at (V^) anode of some 200 volts amplitude, 
and this wave rises rapidly to the maximum value, with a duration coin­
ciding with the run down period at (Vg). A suitable fraction of this 
voltage pulse was applied through condenser (Cy) to the grid of the 
cathode ray tube in the Puraehill escilloscope. With the cathode ray 
spot on the screen, it was then possible to reduce the brilliance until 
the spot was just not visible, and then on triggering the time base a 
single trace was observed on the screen by adjusting (R^y) until the trace 
was sufficiently bright. The triggering pulse was provided by the 
sudden onset of the discharge. It was found on connecting the trigger 
input to one of the brass upright supports of the spark gap, that the
time base could be satisfactorily triggered.
The positive D.C. voltages, and also the negative voltage applied 
to the anode of (V^) were supplied from a full wave rectifier circuit, 
operating from the 230 volt 50 cycle mains supply. The three positive 
voltages were obtained by using a suitable potential divider arrangement, 
and the negative voltage applied to (V^) could be made continuously
variable from 0 to 10 volts. The negative 290 volts D.C., were supplied 
from a. separate full wave rectifier circuit, which required only one 
filter section since the current requirement was less than one milliamp.
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The D.C* voltage supplies and the time base were built on one 
chassis, and below is given the values of the components used 
in constructing the time base:
«1
ss lOk,
®12 s s 100k* G l as luF
«2 50k. ®13
s s 680 ^2
tB luF
as 15k. s s 20k. • S
ae
a x 500k.
®15
ss 1 5 k . 03 a x Xoco
«5
» 3.3k. «16
3S 2k . °3
a s S'ooe
«6
as 680 hff- as 500k. a s ISOÙ0
«7
m 680 h sc VR92 s s 2000uuF
«8
s s 50k . 2^ SB VR91 : ":5 s s 50 uuF
« 9
'.as 150k . h SB VR92 SB 2000uuF
®10
m 250k . h m VR92 C? a x O.luP
10k. h a s VR92 Ce a s O.luF
VR91
*The value C was selected by & switch, 
depending on the duration of the pulse 
examined.
The Cathode Ray Oscillograph
Use was made of the Purzehill oscillograph for the display 
of the current pulses, and also the 35 m.m* roll film camera attachment 
for producing oscillograms of the pulses for measurement purposes. The 
only part of the oscillograii that was needed in this work was the power 
supplies for the c athode ray rube. The effective diameter of the tube 
face was 85 m.m., the screen colour was blue, and the screen material
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chosen to be particularly suitable for photographic recording. The Y 
plate sensitivity at the screen was 12.8 volts per cm., and for the X 
plates 25.6 volts per cm. The time base saw tooth output was connected 
through condenser (Cg), and a 2 megohm leak to one of the X plates. The 
connection was made through a short length of coaxial cable, and the 
shunt capacity to earth of the X plate was 30uuF. Connection was made 
from resistor Rm to the Y plate, through a length of coaxial cable via 
an 0.1 microfarod condenser, and the shunt capacity to earth due to the Y 
plate was 75 uuF. The shift controls provided the means for centering 
the trace on the screen.
The oscillograph camera was made to take single shots only at a 
time, and uses 35 m.m. Kodak R55 or R60 unperforated recording film.
It was possible to record up to forty oscillograms without reloading the 
cassette. The camera lens reduces the inage on the screen to that on 
the film in the ratio of about 4*5:1 and provision was made for adjusting 
the lens for focussing on the film. The camera was provided with a 
shutter for exposing the film to the screen and as each frame was exposed, 
then passed throng to the cassette, an indicator showed the number of 
exposures that had been completed, which served as a method for identifying 
the oscillograms.
The following procedure was adopted when photographing the current 
pulses: A preliminary experiment was carried out, and the same voltage
applied to the spark gap as will be used in the actual experiment, in order 
to focus and adjust the trace brilliance suitably. The amplitude of the
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voltage pulse applied to the grid of the cathode ray tube for brightening 
purposes, ivas fixed at the commencement of the whole .series of experiments, 
and not altered throughout* The brilliance control on the oscillograph 
was adjusted so that the spot on the screen was just not visible* The 
spark gap was fired, and by carrying out this a number of times, it was 
possible to focus the observed current pulse on the oscillograph screen. 
These electrodes were then removed, and replaced by those for the experi­
ment* The camera was attached to the oscillograph, and the camera shutter 
was kept closed, until the spark gap and external circuit were charged 
for the static voltage experiments, or until, the commencement of charging 
for the other type of experiments. When the spark, had occurred the 
shutter was closed, and the film moved on to the next exposure frame. The 
number of the exposed frame was observed on the indicator, and the camera 
was then ready for repeating the procedure. When a series of similar 
discharges were being carried out on the same electrode, the usual method 
was to obtain current oscillograms for every other one. Usually not 
more than thirty exposures were made successively on the same length of 
film, since this length fitted conveniently into a developing tank. 
Development and fixing times were standard, and D19B contrast developer 
was used in the developing tank.
Calibration of the Oscillograph
The oscillograph was calibrated with a D.C* voltage applied directly 
to tlto Y plates, and this was measured using a valve voltmeter. The 
circuit is shown in figure (17), where (V) represents the valve voltmeter.
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and (E) the voltage applied to the I plates by a number of two volt 
accumulators connected in series. The voltmeter was calibrated 0-30 
volts, and could be read to within 0.1 volt. A voltage (E) was 
applied to the Y plates, the preliminary adjustments to the trace having 
been made, and the time base fired in the usual manner. The camera 
shutter was then closed, and the voltmeter reading recorded* The 
batteries were disconnected at (A), the other connection (G) being 
ground, and the voltmeter aero reading recorded. The camera shutter was 
opened, and the timie base fired again* Hence two traces were recorded 
on the film, their distance apart beiiig directly proportional to the 
applied voltage (B). This procedure was repeated for different voltages 
ranging from 5*5 volts to 27.5 volts, and table (IX) shows the trace 
separations meas^ired for different voltages (E) applied to the oscillograph 
plates* ; A graph was plotted of (E) against trace separation, figure (16) 
and the slope is 5*6 f 0*1 volts per m.m. Fr<m the value of this slope 
it is now possible to know by direct measurement on the film, the 
amplitude of the voltage pulses applied to the oscillograph, and hence 
the current associated with the discharge.
Measurement of the Oscillograms
The amplitudes of the pulses photographed on the 35 m.m. film 
were measured with a travelling microscope. The film was placed between 
two thin glass plates in order to ensure its flatness for measurement, 
and the whole mounted on the stage of a travelling microscope. The film
was illuminated from the underside with the emulsion towards the microscope.
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and it was then possible to set the cross wires on the oscillogram 
trace. On traversing part of the trace (undeflected) across the 
field of view, the film was adjusted so that the cross wires coincided 
along the length of the trace, and it was then known that on traversing 
at right angles to this direction to measure the peak amplitude, the 
shortest distance between the two parallel portions of the trace were 
measured. The measurement of the calibration oscillograms were 
carried out in a similar way. Measurements with the travelling 
microscope could be made to 0.0001 cm., but owing to the oscillogram 
trace width, there was only significance in the cross wire settings to | 
within 0.01 cm. From these measurements the peak current amplitude 
for the discharges were calculated, and within the limits of experimental 
error, an accuracy of not better than 4% was pcœible.
1  -1
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TABLE IX
Oscillograph Calibration
Applied Voltage (E) Travelling Microscope Vernier Reading Trace Separation 
volts (m.m. ) (a.m.)
(I) Volts Applied Zero Volts
2 7 .5
2 7 .3
2 1 .4  
1 5 .2 5
9 .3
5 .5
2 3 .0
1 7 .1 5
% 1 7 .7 5  
( # # 1 7 . 4 7
# # # 1 6 .4 9
I Î  ? yg%^ ''\''l6.18
' : " Ï ’ 1 5 .1 7  
1 9 .7 3  
1 8 .4 4
1 2 .8 5
1 2 .7 4
13.62
13.62 
1 4 .3 4
1 4 .1 4  
1 5 .6 3
1 5 .1 5
4 .9 0
4.66
3 .8 5
2 .8 7
1 .8 4
1 .0 3
4.10
3 .2 9
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CHAPTER (6)
Some Measurements and Observations of Electrode Erosion 
for Oil and Gas Dielectrics
(a ) Tungsten Electrodes in Oil pi#l#ctric
For these experiments the discharge conditions are described
in Chapter (3)* The method of producing electrical breakdown in the
oil is described under method (a) page (38), and the external circuit
conditions described under (a) and (b) page (41) have both been used
?
here. The two artificial lines gave current pulses of approximate 
duration 10 and 100 microseconds, and amplitudes up to 400 and 300 amps 
respectively. Both ground and polished surfaces have been used in the 
experiments, and their preparation is described in Chapter (5)« There 
is a considerable difference observed, particularly for the anode erosion 
features, between the two methods of surface preparation, so these will 
be dealt with separately.
(1) Polished Electrodes
Only 10 and 100 microsecond artificial line discharges were used 
with these electrodes. It was possible by using the Fizeau fringe and 
light profile techniques, to make measurements on individual erosion 
areas of the volume of metal lost from the electrodes due to a single 
discharge. It was not possible to obtain Fizeau fringe photographs 
for both pulse durations and all current amplitudes, and this was more 
particularly the case for the cathode erosion features. The inability 
to obtain fringes in these cases was due mainly to such steep faces
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within the erosion area, that light was reflected away and not 
returned to the microscope objective* This is shown well in 
figure (20) which is a photomicrograph of an anode feature due to 
a 100 microsecond discharge passing a current of 300 amps* The 
feature appeared to be a smoothly shaped depression, in contrast to 
figure (21) formed under similar conditions. Here although light 
is mainly not reflected back to the microscope objective, it can be 
seen that the area is undulated. The erosion areas are specularly 
reflecting, particularly the anode areas, and this can be seen in the 
Fizeau fringe photographs in figures (22) and (23) which are anode 
erosion features due to a 10 microsecond 300 amp discharge, and a 100 
microsecond 175 amp discharge respectively. Figure (24) shows a 
cathode erosion feature due to a 100 microsecond 260 amp discharge.
This feature has a simple profile, being raised above the level of the 
general surface at the centre, but it shows the more irregular formation 
of cathode features, ccmpared with those at the anode. The light 
profile technique has been used successfully to determine whether the 
features within the erosion area are elevated or depressed relative to 
the surrounding electrode surface. The light profile photograph, 
figure (25) shows the whole of an anode erosion area due to a 10 micro­
second 195 amp discharge. It can be seen from the figure that the 
centre is a depression but that it lays in a plane above that of the 
surface surrounding the erosion area. The significance of this will 
be discussed later. It is possible to obtain quantitiative as well as
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qualitative information as described in Chapter (4), and this is 
particularly useful where it is not possible to apply the Fizeau 
fringe technique. This is illustrated in figure (26), showing a 
cathode erosion feature due to a 10 microsecond 170 amp discharge.
The centre of the feature shows an elevated plateau, and the height 
above the surrounding surface can easily be measured. The light 
profile is useful in investigating whether the erosion features have 
elevations, or depressions, near the edges, and this is illustrated 
well in figures (27) and (28). Figure (27) is part of a cathode 
erosion feature due to a 100 microsecond 300 amp discharge, and shows 
the undulations within the feature near the edge. Figure (28) is a 
complete anode erosion feature caused by a 10 microsecond 170 amp 
discharge, and shows how the edges of the feature are raised above the 
surrounding surface level, and the centre is depressed below it.
From measurements on the Fizeau fringe photographs, figures 
(23) , (29), (30), (31) and light profile observations, it appears that 
the anode erosion areas for the 10 and 100 microsecond discharges have a 
central cross section profile, which approximates to that in figure (32). 
This profile was deduced in the following way. Considering figure (23) 
for example, it was found that when the radii of the fringes are measured, 
counting the fringe at the centre as one, the number increasing outwards 
and a plot made of fringe radii against the natural numbers, a very 
nearly linear relation was obtained. The radii were measured out to 
the rim protruding above the surface, given by diameter %in figure (32).
J
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It was found that the first three or four fringe radii did not obey 
a linear relation, and thus BC was drawn where the linear portion 
terminated. The volume formed by rotating area ABCD about a vertical 
axis was then a truncated cone. The portions of the profile AE and DF 
represent the rim falling away to the surface level. Since for most 
of the anode features photographed the Fizeau fringes over this portion 
have poor definition, the profile was drawn falling away in a straight 
line. In some cases it was not possible in determining the height to 
count the fringes in the direction along which they run parallel to one 
another on the surrounding surface. This was not the case for figure 
(23) as can be seen, and when this is necessary some error must be 
introduced into the determination of h^ # It has been possible in all
cases to measure h2 in the correct manner. Since not all the erosion 
features show this truncated cone depression, a method was used for 
determining irregular volumes. A ridge was still formed around the 
edge of these depressions however, and had to be treated in a similar 
manner as stated previously. The two methods employed for evaluating the 
volumes from the experimental results given by the interferograms were:
(a) the depression treated as a truncated cone, and (b) the volume calculated 
using the Prismoidal rule, to compare in some cases the volume measured by 
method (a). When the profile in figure (32) is considered, various volumes 
may be calculated by treating them as truncated cones:
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Volume laying between diameters 
D2 and D3
Volume laying between diameters 
D2 and
Volume laying between diameters 
Dg and i.e. the whole cavity.
Vl
V3 and V3I
Using the prismoidal irale, only volume was measured. It was found 
possible to make the above measurements for the 10 microsecond discharge 
having current amplitudes of 195, 295 and 385 amps, and for the 100 
microsecond discharge with current amplitudes of 175 and 260 amps. For 
each discharge condition two anode erosion areas were measured, and the 
results given in table I, corresponding to measurements on the Fizeau 
fringe photographs shown. j .
- It has not been possible to obtain in general suitable Fizeau 
fringe photographs for cathode features on polished tungsten surfaces, 
so these will be discussed with the help of observations made with light 
profile microscopy, and ordinary reflection microscopy. The 10 micro­
second discharges throughout the current range used, from 170 to 400 amps, 
show in general an erosion area which appears to have melted, and near 
the centre, the molten metal has been formed up into an elevated plateau. 
This is shown very clearly in figure (26) which is a complete erosion 
area due to a 10 microsecond 170 amp discharge. It appears sane times 
that the plateau is depressed, and this is shown in figure (33), where it
- 95 -
can be seen that the light profile in passing over the elevated central 
portion, deviates in the opposite direction. For the 100 microsecond 
discharge and current amplitude 75 amps, the erosion shows a melted 
area in which the centre may either be raised above or depressed below 
the surrounding electrode surface. Features of both kind appear on the 
same electrode subject to what appears to be similar discharge conditions. 
Figure (34) shows part of a cathode erosion feature for a 75 amp discharge, 
and part of the surrounding surface can just be observed. The light ’ 
profile shows an elevated cential region with a concave surface rising 
above the surrounding electrode surface. Figure (35) photographed on the 
same electrode shows part of an erosion area and some of the surrounding 
electrode surface, and the central region here can be seen to be depressed 
below the surrounding surface. For the 100 microsecond 260 amp amd 
300 amp discharges, it appears that the erosion areas have elevated central 
regions,and this tendency is also observed for the 150 amp discharges.
Figure (36).shows practically the whole of a cathode erosion area due to 
a 175 amp discharge. Here it can be seen that the edges and also the 
central flat portion is raised above the surrounding surface. For
similar discharge conditions, figure (37)> shows another cathode erosion 
feature in which the edges are again raised above the surrounding surface, 
but the centre is in almost the same plane. Figure (27) shows the 
edge of a cathode erosion feature due to a 100 microsecond 300 amp discharge, 
and the ripples that are observed, only appear to occur for the higher current 
discharges.
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(2) Ground Electrodes
In the experiments with the surfaces prepared in this manner, 
the 10 microsecond and 100 microsecond discharges were produced in the 
same way as for the polished electrodes, and further the single section 
condenaer-inductance arrangement was also used.
Anode Erosion
For the 100 microsecond discharges with currents up to 225 
amps, and for the condenser, inductance 255 microsecond 240 amp discharge, 
the erosion features have a central profile shown diagrammatically in 
figure (38). The significant fact about these features is that when 
considering the 100 microsecond discharge for similar current amplitudes, 
and using the polished electrodes, the profiles differ as shown in figures 
(32) and (38). It was found that for a 100 microsecond 75 amp discharge 
with polished electrodes, the profile was similar to that shown in figure 
(38) for ground anodes and currents greater than 150 amps. This can be 
seen in figure (39) which shows part of an anode erosion feature on 
polished electrodes due to a 100 microsecond 75 amp discharge. Here the 
centre is elevated above the surrounding electrode surface. Figure (40) 
shows a Fizeau photograph of the whole erosion on a ground anode surface, 
due to a 100 microsecond 145 amp discharge. Light profile photographs 
in figures (41) and (42) show an edge and the complabe erosion feature due 
to a 100 microsecond 230 amp discharge. It can be seen that the central 
area is elevated above the surroundings and that a trough exists around 
the edge. For the erosion features shown in the Fizeau photographs
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figures (43) and (40) and referring to figure (38), it is possible to 
calculate the following volumes treating them as truncated cones:
Volume laying between diameters
x=
Ag arid A^ " .  ^<
Volume laying between diameters -
=* S2
A2 and ki^ y
Volume laying between difiuneters - '
= So
A2 arid Ai • -  ^ M  .% : r r
When calculating the heights h^ and h^ the fringes have been counted 
in two directions at right angles and the average number taken, and
similarly for the measurement of the diameters A%, A2 and A3. The results
are shown In table II. For the 10 microsecond I60 amp discharges it was 
found that the central region of the melted area was raised above the 
surrounding electrode surface, and an example of this is given in figure 
(44), which shows the light profile passing across the centre of a whole 
anode erosion. This should again be contrasted against the effects 
obtained with polished electrodes, for which a cavity is produced under 
similar discharge conditions. For higher current 10 microsecond
discharges, which include 300 amp and 400 amp discharges, the electrode
erosion features produced are cavities, and the central profile cross 
section is similar to that shown in figure (32) for the 100 and 10 micro­
second discharges. An example of this is shown in figure (45) vhich is 
a Fizeau photograph of an anode erosion feature due to a 10 microsecond
300 amp discharge. There is insufficient experimental data to make a
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comparison of the volume of material eroded for anodes prepared 
in these two different ways.
Cgthode Erosion
The 100 microsecond discharges with current amplitudes of 
approximately 1$0 and 200 amps, and the condenser-inductance 240 amp dis­
charges, show similar cathode erosion effects. Figures (46) and (47) 
show Fizeau fringe photographs of erosion features, due to 100 microsecond 
discharges, for current amplitudes of 225 amp and 145 amp respectively.
These features have a central region ^ ich is elevated above the surrounding 
electrode surface, and surrounded by a trough. This appears to be thé 
case in general for these discharges. A diagrammatic representation of 
the central profile cross section is shown in figure (48), for these 100 
microsecond discharges. Figure (4#) shows the whole erosion feature due 
to a 255 microsecond 240 amp discharge. The light profile across the 
centre of the feature shows the elevated central region, but what occurs 
nearer to the edges of the erosion cannot be observed. This feature appears 
generally for these discharges. For the 100 microsecond discharges, using 
the Fizeau fringe photographs in figures (46), (50) and (47), it is pos­
sible to calculate the following volumes shown in figure (48):
Volume laying between diameters
« Ul
Bg and B3 (treated as truncated cone)
'iVolume laying between chords -
= Ü2
B2 and B4 (treated as slice of a sphere)
Volume on chord 82 treated
« Ü3
As a spherical cap
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When calculating the various heights required for the volume measure­
ments aboT% the fringes were counted in two directions at right angles 
and the average number taken, and similarly for the diameters B2, B3 
and B4. The results of the volume measurements are shown in table III* 
The ten microsecond discharges in general, produce erosion areas which / 
appear highly undulated, and also in some cases are irregularly shaped*
An example of this can be seen in figure (51) which is a complete cathode 
erosion area due to a 10 microsecond 400 amp discharge* Figure (52) 
shows part of another erosion feature under the same conditions, and the 
light profile crossing near the centre shows there to be a raised 
central region which also appears undulated* Figure (53) is an erosinn 
feature due to a 10 microsecond 165 amp discharge, and shows very marked 
undulation*
Measurements of Anode Current Density
Both for the ground and polished tungsten anode surfaces, it is 
possible to make an estimate of the anode current density, fmna know­
ledge of the melted area on the anode surface and the total current 
passing in the discharge* The current may enter the electrode surface 
over a greater or smaller area than the melted area, so the slope of a 
graph of discharge current plotted against melted area for various value's 
of current, does not give the true value for the anode current density* 
Since the anode erosion features for the 10 microsecond and 100 microsecond 
discharges, are practically circular areas, the area has been calculated 
on this assumption. Observations have been mde on a number of erosion
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areas for each current amplitude and discharge duration* In each case 
two diameters at right angles have been measured and the average value 
taken for calculation. These diameters corresponded to the maximum 
extent of melting, i.e. diameters D3 and A3 in figures (32) and (38)*
The results of these calculations for 10 and 100 microsecond discharges, 
using ground and polished surfaces, are shown in tables IV and V. The 
melted area values given in the tables, are calculated from the average 
value of the diameter of individual erosion areas,,under similar conditions.
*  4
From,the results in tables, IV and V four graphs have been drawn of current 
amplitude against melted area. The. graphs in figure (54) are for the 
10 microsecond .discharges for the ground and polished surfaces, and those 
in figure (55) are for the 100 microsecond discharges. Using these 
graphs, table VI shows the apparent anode current densities which have been 
deduced., ,
(B) Comparii€tt of Electrod#^ BpmWWmMth Various Gas Dielectrics
For these experiments only the 100 microsecond artificial line discharges 
have^  been used, and the method of producing a discharge was to raise the 
voltage slowly across the, electrode gap until breakdown ensued. This is 
described in Chapter (3) on page (38). Discharges wre passed in atmos­
pheres of hydrogen and argon at pressures very near atmospheric, and also 
in free air. The technique for carying out these experiments is described 
in Chapter (5), and also the method of preparation of the metal electrodes. 
The electrode.surfaces used here,were zinc, cadmium, lead, bismuth and tin. 
The surfaces were prepared by grinding on various grades of emery paper.
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and lastly buffed on a cloth lap with a fine abrasive to give a 
highly polished surface for all the electrodes. piis preparation 
technique is also described fully in chapter (5).
(1) Electrode Erosion in Hydrogen
With 100 microsecond discharges and current amplitudes of approxi­
mately 160 amps, the erosion on these metal electrodes has been observed 
with reflection microscopy. In all cases it was not possible to use 
either the light profile or the Fizeau interference techniques, since 
the erosion cavities formed were too deep. It was found that anode 
erosion features were produced having regularly shaped cavities, and an 
example of this is shown in figure (56), which represents a complete 
erosion feature due to a single 160 amp discharge, on a zinc anode. The 
corresponding cathode area is shown in figure (57), and it can be seen 
how much more irregular and undulated this area is in ccmaparison with the 
anode erosion. It should be pointed out that in these experiments, 
only one discharge has been passed for a particular pair of electrodes, 
and hence corresponding cathode and anode features can be identified. The 
difference in appearance of the cathode and anode areas is similar for the 
other metals, and figures (58) and (59) show the udiole of corresponding 
anode and cathode erosion areas formed on bismuth electrodes by a l6o amp 
discharge. % e  anode erosion is again a regularly shaped cavity. It 
was found for zinc, cadmium, lead, bismuth, and tin, that similar anode 
erosion cavities were produced, and the whole erosion area for each 
metal anode is shown in figures (56), (60), (61), (58), and (62). The
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discharge current was approximately l60 amps for each of these 
features. It was assumed that these anode cavities were segments of 
a sphere, and on this assumption the volume of the cavity was calculated. 
The maximum depth (h) of the cavity, which occurred approximately at the 
centre of the feature, was measured with the aid of the calibrated Vickers 
microscope, and this is described in chapter (4). Figure (63) shows a 
central cross section profile of the anode feature that has been assumed. 
The value of (D) was obtained from the photomicrographs of the features.
It has been assumed that the irregular edge of these anode features has 
been caused by melted metal flowing out from the central region. Two 
measurements at right angles have been made across what appears to be the 
extent of the melted area, and the average value gives (D). Only one 
volume measurement has been made for each metal except for cadmium, and the 
result of these measurements is shown in table VII.
(2) Electrode Erosion in Air
Discharges of 100 microsecond duration, with current amplitudes 
between 110 and 160 amps, have been passed in air between electrodes of 
zinc, cadmium, lead, and tin. The arrangement for the discharge was 
similar to that ^ for the experiments in hydrogen, and hence the results 
obtained are^directly comparable. For the cathode and anode erosion 
features obtained in air, it was not possible to make depth measurements 
using the light profile or the Fizeau interference methods since'the ' 
features were either too deep,'or the surface within the erosion area was 
unsuitable. It was observed that similar differences to those that
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existed between the cathode and anode erosion features obtained in 
hydrogen, were also observed for discharges in air. Figures 
(64) and (65) show complete, corresponding, cathode and anode erosion 
areas respectively, due to a 195 amp discharge in air between 
cadmium electrodes. It can be seen how highly undulated the cathode
erosion area is compared with that at the anode. Another exaiqple 
is given in figures (66) and (67) which show complete and corresponding 
cathode and anode erosion areas respectively, on zinc electrodes due to 
a 120 amp discharge. In the same way as for the discharges in 
hydrogen, the volumes of the anode erosion cavities hav e been measured 
for the discharges in air, and the result of these measurements is given 
in table VIII. The photcanicrographs from which (D) has been measured 
are figures (67) and (68) for the zinc and tin anode erosion ^eas 
respectively.
(3) Electrode Erosion in Argon
Discharges of a 100 microsecond duration, witha current ampli­
tudes between 100 and 16@ amps have been passed in argon between electrodes 
of zinc, cadmium, lead and tin, and under similar conditions as for 
hydrogen. The electrode erosion for the discharges in argon, appears 
to be much smaller for both the cathode and anode, compared with the 
same metals under similar discharge conditions in hydrogen and air.
It has been possible for both cathode and anode erosion features on the
A
lead and tin electrodes to obtain Fizeau interference photographs, but 
no actual measurements of the volume of material lost, can be made from
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these photographs, Figures (69) and (70) show interference photo­
graphs of complete corresponding erosion features on a tin cathode and 
anode respectively due to a single I60 amp discharge. The centre of 
the cathode erosion feature is raised above the surrounding electrode 
surface by about 2 x 10~^ cm, and the remaining area is undulated. The 
anode erosion area is also undulated, and it is seen that the metal is 
drawn up into three distinctive peaks. . Figures (71) and (72) are 
complete cathode and anode erosion features on zinc due to a single 
160 amp discharge. . Figure (73) shows the cathode erosion under 
higher magnification, and it can be seen that melting appears to occur 
in discrete areas within the erosion feature. , The anode erosion appears 
to show mainly oxidation, but probably some melting has occurred at the 
centre, and the appearance of the area suggests a more uniform heating 
effect than for the cathode. Figures (74) and (74a) show Fizeau 
interference photographs of corresponding cathode and anode erosion 
features on lead, due to a single 100 amp discharge. , The anode feature 
is depressed at the centre, but has some undulation within the area 
which makes interpretation difficult. The cathode feature is raised 
at the centre and shows considerable undulati<m over the remaining area.
(G ) The Geometrical Form of the Erosion Features.
The electrode surface markings for the discharges in gas and oil 
dielectric are found to differ greatly with (a) the duration and current 
amplitude of the discharge, (b) the electrode material, (c) the dielecMc 
medium in which the discharge occurs, and (d) the electrode surface
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preparation. Associated with all these effects is the difference 
in appearance of the cathode and anode features, which has been 
pointed out in sections (A ) and (B) of this chapter. These electrode 
effects will be presented for discharges taking place in (1) oil 
dielectric and (2) gas dielectric.
(1) Oil Dielectric
The erosion features on the tungsten anodes, for both the 10 
and 100 microsecond discharges show in the majority single erosion 
areas, like those in figures (23) and (29) for the 100 microsecond 
discharge, and figures (22) and (75) for the 10 microsecond discharge 
both for polished surfaces. Similarly the ground surfaces also show 
well defined single erosion areas. Figure (76) shows the erosion 
produced by a single 10 microsecond 300 amp discharge on a ground tungsten 
anode. : It was observed for the 10 microseccmd discharges on ground
electrodes, that for current amplitudes of 150, 300 and 400 amps, these 
multiple separated areas were formed, and that their frequency of occur­
rence increased with the current amplitude. With polished tungsten 
anodes and 10 microsecond discharges, only single erosion areas were 
observed, but fewer higher current discharges were carried out under these 
conditions, however. Figure (81) shows the erosion on a polished 
tungsten anode due to a single 100 microsecond 300 amp discharge, but this 
type of feature happens infrequently. Figure (21) shows another anode
: - '  k .
erosion feature produced under similar conditions to the last one, and 
it can be seen that although there is a single area of erosion, within
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the area it is highly undulated. For the single section, condenser- 
inductance, 240 amp discharge, no multiple separated areas or undulated 
areas were observed on the ground tungsten anodes# The cathode erosion 
effects have been presented in section (A). Further examples of 
undulation within single erosion areas on cathode and anode are shown 
for ground nickel electrodes* Figures (82i ($3) and (84) show cathode 
erosion areas due to the single section network 240 amp discharge, a 100 
microsecond 140 amp discharge, and a 10 microsecond 310 amp discharge 
respectively. Figures (85). (86) and (8?) show nickel anode erosion 
areas for the same three discharge conditions, in that order. Figures 
(88) and (89) show cathode and anode erosion areas, due to a single 
100 microsecond 175 amp discharge on polished zinc electrodes. It was 
found in general with the softer metals such as aluminium, zinc, 
cadmium, lead, bismuth and tin, that the cathode areas were always very 
much undulated, and the anode areas were more or less undulated depending 
on the metal. Never were the anode or cathode erosion areas for these 
softer metals so well defined and smooth in geometrical form as those for 
tungsten. Figure (90) shows an anode erosion feature on polished mild 
steel due to a single 100 microsecond 170 amp discharge. By measurement 
with the microscope this feature is 25 x 10*^ cm. deep at the centre, 
and other similar features were also seen on the electrode. Figure (91) 
shows a typical cathode erosion feature on polished mild steel due 
to a 100 microsecond 170 anç) discharge. Figure (92) shows a typical 
anode erosion feature on ground mild steel due to a 100 microsecond
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140 amp discharge. The light profile shows that the central portion 
within the erosion area is raised above the surrounding electrode surface. 
This effect is similar to that for tungsten ground and polished anodes 
described in section (A). Figures (93) and (94) show different3 cathode 
erosion areas on the same electrode, under the same conditions as 
previously. The centre of figure (93) is raised above the surrounding 
electrode surface.
(2) Gas Dielectric
In section (B) results are presented showing the more'regular 
geometrical form for the anode erosion features, compared with those 
oh the cathode, for hydrogen, air and argon. It was observed for 10 
and 100 microsecond discharges, that multiple separated erosion areas were 
fonned on the cathode and anode due to a single discharge. In the 
experiments observed, however, separated multiple areas on one electrode
did not lead to similar effects on the other. Fi^re (95) is a Fizeau
■ , ■ '■ ■ '
interference fAotograph of a completre erosion feature on polished tin,
due to a single 100 microsecond 155 amp discharge in argon. It can be
seen that there dre two distinctly separated areas vdiich comprise the
whole erosion, and the three regions in d^iich the fringes appear closely
grouped are depressions. No corresponding separated areas appear on the
cathode.' Figure (96) shows a photomicrograph of a caaplete cathode erosion
feature on polished cadmium, due to a single 10 microsecond 300 amp discharge
in air. The discharge in this case is produced by charging the artificial
line initially, isolating the charging source, and moving the electrodes
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slowly together until breakdown ensues. This is described fully in 
Chapter (3)* The figure shows that the erosion is comprised of two 
completely separated areas, and figure (97) shows the larger erosion 
area only, under higher magnification. The anode shows no similar 
separated areas, but figure (98) shows an anode erosion feature, not 
corresponding, but similar to the other anode features. Taking the 
same electrodes after a few days and only cleaning. them with alcohol, 
further similar discharges were passed. The cathode erosion features 
were single, but similar in appearance to those obtained previously, 
and a typical anode erosion feature is shown in figure (99)# Figure 
(100) shows part of the same erosion feature under higher magnification, 
and it can be seen that the melting does not appear to be uniform 
over the erosion area. The separated multiple areas are formed very 
infrequently for both anode and cathode, but no investigation has been 
made into their effects. Figures (101) and (102) show conqplete cathode 
and anode erosion features on polished tin, for a 10 microsecond 295 amp 
discharge in air, under the same conditions as for the cadmium electrodes 
previously. The interference fringes show that the central portion of the 
anode feature is raised above the surrounding surface, and surrounded by 
a trough, while the cathode feature is depressed at the centre and the 
surrounding area is vey undulated.
Figures (103) and (104) show couplets and corresponding cathode 
and anode erosion features respectively, on ground aluminium electrodes 
due to a single 100 microsecond 175 amp discharge. The anode feature
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shows that it has not been uniformly melted all over. This pair of 
features is typical of others obtained for similar discharges, and 
also for the single section condenser-inductance, 240 amp discharge.
Some of the softer metals have also been ground in the same manner
t
as the aluminium electrodes, and 10 and 100 microsecond discharges 
passed between these electrodes in the gases mentioned previously.
The softer metal surfaces will undoubtedly be impure vhen ground on 
a steel lap with carborundum powder, but the erosion effects aze 
interesting, and some examples of these are given. Table (X) summarises 
the data relating to these discharges. The figures of table (X) relate
, .9 ■! ' i
to corresponding complete erosion areas, and are typical of the effects 
obtained with the soft metals in hydrogen, argon, and air. The erosion 
effects shown in figures (105), (106), (107), (108), (113) and (114) 
were due to discharges produced by method (a) chapter (3) and those in 
figures (109), (110), (111) and (112) were due to discharges of fixed 
gap length, method (b).
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CHAPTER (?)
Discussion of the Results
Erosion Mechanism at the Tungsten Electrodes
From the results in Chapter (6), it is seen that under certain 
discharge conditions, erosion features are formed both on anode and 
cathode which appear to have been due in part to melting from a single 
stationary centre# This interpretation is in keeping with the idea that 
a stationary hot spot is established on an electrode, with energy being 
supplied to this spot throughout the discharge, and subsequent melting 
of the electrode material around the hot spot# For these features 
it has been possible to examine the geometrical form of the erosion, and 
certain volume measurements have been made as described in Chapter (6), 
which are presented in tables (I), (II) and (III)# From table (I) 
and reference to figure (32), it is possible to deduce the volume of 
metal above the electrode surface, (V^ • Vg)» the pit volume (V3 - V2), 
and these results are given in table (XI) for the anode erosion features on 
polished tungsten# The results in table (XI) are averaged values obtained 
from the photographs shown# It can be seen for the 10 microsecond 385 
amp discharge, and also the 100 microsecond discharges with current 
amplitudes of 175 and 260 amps, that the volume of metal (V^ - 5^ ) 
produced on the electrode surface is practically the same as the volume 
of the pit (V3 - V2), formed during the discharge# It is suggested 
that the metal appearing around the pit has not been due to transference 
from the pit, by boiling of the metal or other means, but that metal
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has been drawn up over the whole melted erosion area by some force 
action# This assumption is supported by the results given for the 10 
microsecond, 195 amp discharges in table (XI), -sdiich shows that the 
volume of metal on the surface is twice that of the pit. The light 
profile photograph figure (25) shows an erosion feature at the anode 
under similar conditions, and it can be seen that the central portion 
lays in a plane above the surface surrounding the erosion area# These 
results would indicate that over the whole melted erosion area, the metal 
has been drawn up above the surrounding surface, and that this excess 
metal, assuming no change in density, must have come from the underside 
of the tungsten plate forming the electrode# The underside showed 
many pits, which may have been due to this effect, but no investigation 
has been made of this possibility# In order that metal can be drawn 
up in such a manner, there would have to be melting through to the 
reverse side, and this would occur soonest at the centre of the area#
If the force action raised melted metal up to the level AD in figure (32) 
the total volume of metal lost would be given by (V^), but since it is 
likely that the metal would be raised to a greater height at the centre 
than (h^) at the edge, this volume must represent a minimum loss of 
of material from the erosion area# Similarly volume (?^) between 
diameters (©2) and (D3) represents a lower limit for the volume of the 
depression, which is assumed to be formed on the reverse side. The
metal ^ich is lost is assumed to be ejected by the force action, and
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whether this is the only means of metal removal cannot be judged*
It is possible that the central area of the erosion is raised to the 
boiling point, and metal is then lost by evaporation as well*
For the ground tungsten electrodes the drawing of the metal 
into a peak is seen for both electrodes. Figures (38) and (48) 
show diagrammatically the geometrical form of anode and cathode features, 
and certain volumes have been tabulated in tables (XI) and (III) 
respectively. Table (XII) shows for both the anode and cathode features, 
the volume of material drawn into a peak above the surrounding electrode 
surface, and the volume of the trough surrounding this peak. The 
results given in this table have been compiled from tables (II) and 
(III). It appears from table (XII), that at the completion of the 
discharge, the volume of metal in the peak is several times greater than 
that of the surrounding trough, except for one case where they are 
equal. Since it is known that metal is ejected from the erosion areas, 
by its presence in the oil following several discharges, it is to be 
expected that the volume of the peak should be several times smaller than 
the volume of the surrounding trough. This is not so, and it can, there­
fore, be assumed again that metal must have been forced to the surface 
from the reverse side, to produce the observed peak, as well as metal 
moving towards this peak causing the surrounding trough.
Jones (1949) has observed for anodes in the form of a moving 
metal tape, and D.C. are currents in the range 40-150 amps, that the 
path left by the arc on the tape was not continuous, but consisted of a
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line of melted * anode spots provided the tape speed was above 
ten feet per minute* It was also noted that always with the formation 
of an anode spot, a high velocity incandescent jet of vapour and 
particles were projected from the anode surface* The metal in the 
anode spot was observed to be melted and drawn into a peak above the 
surface of the tape* This effect was studied for different tape materials 
in atmospheres of air, argon, and helium, and the formation of metal 
peaks were always found to be present when the tape was anode*^  The 
formation of anode jets and the tendency for the anode spots to anchor 
were considered to be related, and to represent inherent arc characteris­
tics. These observations by Jones at the anode were considered, 
because of the similar effects obtained with the ground tungsten anodes 
when arcs were struck in oil dielectric. For the arcs in oil dielectric, 
under certain electrical conditions, it was also possible to observe 
similar effects on ground tungsten cathodes. On examining the anode 
spots, Jones observed that where the material had peaked up at the 
centre above the surrounding surface, there was scmaetimes a cavity 
existing on the reverse side of the tape, and the melting had extended 
right through the tape. Jones concludes by considering various force 
actions, which could be responsible for drawing the molten metal up 
into a peak in the anode spot while the arc is burning. He also states 
further that no such effect has been observed to take place at the 
cathode. From the experiments performed in oil, however, it was
I,
observed that cathode spots were formed, in Wiich the molten tungsten
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metal was drawn up above the surrounding surface, for the ground 
electrodes, and cavities must have been formed on the reverse side 
of the electrode. Figures (92) and (93) show anode and cathode 
erosion features due to a 100 microsecond, 140 amp discharge, struck 
in oil, on ground steel electrodes, and it can be seen from the 
light profile observation, that the centres of these features are 
raised above the surrounding electrode surface . A full investi­
gation of the steel electrodes has not been made, however, since it 
was not possible to employ reflexion interferometry. It was found 
for lower melting point metal electrodes with arcs struck in oil, 
that no such well defined features were obtained as for tungsten and 
steel, but that they were undulated, and the cathode features were 
more undulated than those at the anode.
Assuming that the volume loss from the anode erosion area 
is V3, (table XI), then it can be shown that there is sufficient energy 
within the vicinity of the anode to evaporate this volume of metal. 
Assuming that a negligible number of positive ions are emitted from the 
anode, and that all the energy (K) of the anode fall eneiers the anode, 
K » I (Va + Y^) (1)
where ^  is the anode work function, Va is the anode fall, and I is the 
discharge current. Craig (1953) has estimated for short duration 
discharges (6 microseconds) in gases, that Va^$ volts. Hence for a 
10 ^ s, 195 amp discharge, S « 4.45 x 10"*^  calories, and for a 100 ^ s, 
175 amp discharge K * 4.0 x 10"*^  calories. Using Troutons rule to
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determine the latent heat of evaporation (L), and assuming that the
latent heat of fusion is L it is possible to estimate the heat (H),
10
required to evaporate a volume of metal V3.
(2)3f s (e- T) + L + L 10
where « density of the metal, s = specific heat. For the 10 microsecond 
195 amp discharge, H « 1.5 x 10**3 calories, and for the 100 microsecond 
discharge H « 1.2 x 10""^  calories. The heat loss frcaa the anode hot 
spot is mainly due to conduction in the metal electrode, the radiation 
loss being negligible, and since this is not calculable, it cannot be 
known how much energy is available for evaporation purposes. It is 
possible if the conduction loss is sufficiently great, that boiling of the 
metal would not take place, and the loss of metal from the erosion area 
would then proceed by some mechanical force action. It is also doubtful, 
according to Craig (1953), whether the anode fall distance is of the order 
of the electron mean free path , and he suggests that the fall region 
extends out several A^from the anode. As a consequence of this, the gas 
in front of the anode is heated, but immediately before the anode the 
heating is quite small, and hence energy is lost from this region towards 
the anode. Thus whether all the energy (E) reaches the anode is un­
certain. This work of Craig will be discussed further, udien the erosion 
losses in gases are considered.
Qurrent Deniity at the Tungsten Anodes.
Table VI gives the values of the apparent anode current densities
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obtained from the graphs in figures (54) and (55), for 10 and 100 
microsecond discharges struck in oil, with ground and polished tungsten 
electrodes. For the 10 microsecond discharges a plot of current ampli­
tude against erosion area gives two approximately linear relationships 
for the ground and polished surfaces (figure 54). These graphs have 
correspondingly similar slopes, and it is possible that the points do not 
give a common graph, because the absolute values of the photomicrograph 
magnifications are probably slightly different. It appears with the 
higher current amplitude discharges, and the polished surfaces, for both 
discharge durations that they do not obey the same relationship as the 
lower current amplitude plots. Since only one point is concerned for
each discharge duration, further investigation of this possibility would 
be needed, but if it were confinned, this would indicate a lowering of the 
apparent anode current density for the higher current discharges. From 
considerations of applying standard heat flow theory to the anode spot 
phenomena, it is shown below ^ or the apparent anode current densities in 
table VI, that melting would just about occur at the centre of the erosion, 
if all the energy in the anode region entered the electrode. Carslaw and 
Jaeger have shown that if heat is liberated at the rate of (Q) calories 
cm*"^  sec~l in the surface plane of a semi-infinite solid, melting will just 
occur when
Q = P C  V
Ê F
idiere ^  = density of solid, c «= specific heat, v « melting point, t »
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duration of heating, K « thermal diffusivity. In applying this 
formula to the problem under consideration, it is assumed that radial 
heat flow is negligible, and that the heating of the anode spot lasts 
only for the duration of the current pulse, i.e. 10 or 100 microseconds.
The calculated values of Q are:
For 10 microsecond discharge Q = 10 x 10^ cal. cm."^ sec.~^
For 100 microsecond discharge Q = 3.1 x 10^ cal. cm.~^ sec.*^
The energy input (Eo) to the anode is:
Eo * i ()Sa + Va)
j
where X(a and Va have the same significance as previously, and i * apparent 
anode current density. From table VI an average value of (i) was taken f 
the 10 microsecond discharge, and the values calculated for (Eo) are;
For 10 microsecond discharge Eo = 7*4 x 10^ cal. cm.~^ sec.*^
For 100 microsecond discharge Eo « 2.0 x 10^ cal. cm.*^ sec.*^
The constants used to calculate the values of Q were taken for a temperature 
range 20 - 100^0, and it can be seen that for both discharge durations 
QrJEo. Hence under these conditions melting would just ccamaence at the 
centre of the heated area, if energy (Eo) were all transferred to the 
anode over this area. Since melting takes place over the whole erosion 
area, there being no signs of heating outside this molten area, it would 
seem reasonable to suppose that the current eiiered the anode over a 
smaller area, unless some other energy source were responsible for the 
extent of the molten area. If thermal energy is the only source of
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energy causing melting, then the omirent densities shown in table VI 
are apparent, and the actual current density must be more than 10^ 
amp. cm*"^ . Other workers have estimated the anode current density 
for arcs struck at atmospheric pressures in various atmospheres.
Jones (1949) working with anodes in the form of moving metal tapes, 
which have been described, has made measurements of the melted anode 
areas. ' from such measurements values in excess of 10^ amp. cm*^ 
were obtained for the anode current density, and it is pointed out 
that the active area of the anode spot is smaller than the melted 
area. Somerville, Blevin and Fletcher (1952), have observed anode 
spots during the lives of transient arcs, using Kerr cell photography.
In the case of an 80 amp arc, the average current density was of the 
order 104 amp. cm-2. These photographs showed that the bright glow 
near the anode, which defines the anode spot in these experiments, remains 
stationary and approximately constant in diameter as the arc grows older. 
It has been assumed in evaluating the anode current density, that all the 
current passes through the luminous spot. Craig (1951) has diown 
for 1, 6 and 10 microsecond 100 amp discharges in hydrogen, air and 
argon, that stationary luminous areas were formed on flat anode surfaces 
of magnesium and carbon. These photographs showed the total luminous 
area on the anode increased with the duration of the current pulse, and 
this was probably due to the area being made up from other smaller 
stationary spots.
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Current Density at the Tungsten Cathodes
It was found from the observations on single cathode erosion 
areas that under what appeared to be similar discharge conditions, the 
measured areas differed from one to another by an amount greater than 
was observed for the anode erosion under similar conditions. This may 
possibly be explained by assuming that the cathode spot is in motion during 
the period of the discharge, and having a random motion would dissipate 
its energy differently from one discharge to the next. Many workers have 
observed a movement of the cathode spot over the electrode surface, and this 
was described in Chapter (1). The 10 microsecond discharges with 
ground surfaces show particularly well the undulated and irregularly shaped 
erosion areas that are produced at the cathode, e.g. figure (51). It 
can also be seen frcm the results in table (III), that the cathode features 
which show more regularly shaped melted areas such as figures (46) and (50), 
have very different diameters for the extent of the melted areas. Owing 
to this variation in the cathode erosion area for similar discharge 
conditions, no values for the cathode current density have been deduced. 
Discussion of the Erosion in Gases.
Since the conditions in the anode region are considered to be 
simpler than those pertaining at the cathode, the measurements presented 
are for the anode erosion areas. It is proposed to discuss the 
erosion measurements in the various gases separately.
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Anode Erosion in Hydrogen
From the values given in table VII, it was possible to calculate 
the heat (H) required to evaporate the material from the cavity. The 
quantity (H) was calculated from equation (2), and the constants used in 
the calculation were those measured in the temperature range 20 - 100® C.
The result of this calculation for cadmium, lead, bismuth and tin is given 
in table VII. The discharges were of 100 microsecond duration, having 
current amplitudes of 160 amp, and for these conditions (E), the energy 
created within the vicinity of the anode is calculated from;
E » I (Va + % )  X 10-4 cal.
J
where the symbols have the same significance as in equation (1). Since 
for the metals considered (Va + ru 10 volts, then E » 0.04 cal. Craig 
(1953) has concluded that the anode voltage drop is of the order 5 volts 
for air and argon, and that the drop for hydrogen may be more, since a more 
rapid rate of anode heating was observed#in this gas. It is unlikely that 
under these conditions any appreciable chemical reaction would take place 
between these metals and hydrogen, to form metallic hydrides. It is seen 
from tables given by Bichousky and Rossini (1936) that if zinc and cadmium 
reacted with atomic hydrogen their heats of formation would be negative, 
and would, therefore, not contribute to the thermal energy (B). If all 
the energy available in the anode region were dissipated at the electrode 
erosion area, and no heat losses in the form of conduction occurred from 
the erosion area, it appears that it would still be insufficient to evaporate
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the volume of material measured. In the case of the tin anode, 
not considering the possible heat losses, it would be necessary to 
have an anode fall voltage of about 95 volts, and even more for the 
bismuth anode. Such anode falls would be unreasonable, and it must 
be concluded that the metal is removed by processes other than purely 
thermal, or by a combination of other processes and thermal evaporation. 
Blevin (1953) has shown for transient arcs struck in air, at atmospheric 
pressure, that for tin, aluminium, and nickel anodes, the central anode 
spot temperature is less than the boiling point temperature of the 
metal. Whether this would be the case if a hydrogen atmosphere 
were used, is not known.
Anode Erosion in Air
The values of (H) were calculated frcaa the results given for 
zinc and tin in table VIII, in a similar manner ae given in the last 
paragraph. The results of this calculation is presented in the same 
table. The values for (E) are calculated assiaming (Va + =
. 10 volts for both zinc and tin.
E for 120 amp discharge on Zinc » 0.03 cal.
E for 155 amp discharge on Tin - 0.04 cal.
Assuming negligible chemical reaction to occur between these metals and 
oxygen, it would again seem improbable that theie is sufficient energy
to remove the metal by purely thermal means, especially for the tin
erosion area. It is probable that the oxygen in the vicinity of the 
anode would be in the atomic state, and the heat of reaction with the tin
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can be found from tables given by Bichousky and Rossini (1936). In
this case, it can be shown to require about 50>fe of the eroded tin to be 
converted into tin oxide in order that together with the energy (E) 
gained in the anode fall, a total energy (H) could be attained. This 
would, of course, require additional energy to vaporize the oxide 
formed, and it is unlikely that such a high percentage of oxidation would 
occur. As has been stated in the last paragraph, Blevin (1953) has shown 
for transient arcs struck in air under similar conditions to the discharges 
considered here, that the central anode spot temperature is less than the 
boiling point of the metal. This has been established for various metals 
including tin, and would again indicate that some mechanism other than 
thermal evaporation is responsible for the anode erosion in air.
Anode Erosion in Argon.
The significant fact about the erosion occurring at the metal 
anodes in argon is that the loss of material is much less than for 
either hydrogen or air. From what has been discussed concerning the 
erosion losses in hydrogen and air, it is not considered that this differ­
ence is due to the chemical inertness of the gas surrounding the electrodes. 
Considering figure (70), it appears from the Fizeau fringe photograph of 
a single 100 microsecond, 150 amp discharge that melting has not progressed 
frcan one active centre, owing to the undulated appearance of the erosion 
area. It appears possible that the current has entered the anode over 
three main areas which are characterized by the concentru^ Fizeau fringes. 
These concentric fringes represent places where the m^l is drawn up into a
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peak. Hence this may indicate the initial stages of metal being lost 
from the erosion area by some force action, which draws the molten 
metal up by mechanical action. Figure (74a) shows a complete anode 
erosion feature on lead due to a single 100 microsecond, 100 amp discharge, 
in which the centre of the feature is depressed below the surrounding 
electrode surface, but it is not suitable for geometrical measurement 
to determine the volume of material eroded, owing to its irregular shape. 
This difficulty was found with all the lower melting point electrodes 
with discharge current amplitudes from 100 to 160 amps.
Erosion at the Cathode for Gases
The erosion occurring at the cathode for the discharges in 
hydrogen, air and argon has been observed, and the results of these 
observations are given in Chapter (6). They show that the cathode 
erosion area is much more undulated in appearance than the corresponding 
anode erosion areas, which have just been considered. Figures (64) and 
(66) show this effect well for air, on cadmium and zinc electrodes.
Figure (73) shows a magnified view of part of the whole erosion feature in 
figure (71), due to a discharge in argon with zinc electrodes. Here 
it can be seen how the melting over the erosion area appears to be dis­
continuous, as if the current has entered the electrode surface at many 
separated points grouped within the erosion area. The areas also appear 
to be irregularly shaped, which may indicate a random motion of the cathode 
spot, within these areas. Figure (69) shows a cathode erosion area on a
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tin electrode due to a 100 microsecond, 160 amp discharge in argon.
The centre of the feature is shown to be raised above the surrounding 
electrode surface, and the irregularly shaped area, appears to indicate 
a possible random movement of one or more cathode spots over the erosion 
area, causing melting. These interpretations are in accordance with 
observations on the cathode spot, made by various workers during the 
life of the discharge, and have been described in Chapter (1). Owing 
to the obvious unsuitability of the cathode erosion areas for the 
geometrical measurement of the volume of material eroded from the electrode, 
no estimate could be made of the cathode erosion losses under these con­
ditions.
Comparison of the Anode Erosion foi^  the Three Gases. '
Further experimental observations by other workers will be 
presented here, in considering the erosion loss (L) at the anode for 
hydrogen, air, and argon. Prom the experiments carried out in this 
work for various metals, it has been shown that;
■ "  ' %  > lAir ^ h
Craig (1951) has shown for single ten microsecond, 100 amp discharges 
between pointed electrodes, that the anode tip becomes incandescent.
This was shown to occur for hydrogen, air and argon, but the recorded 
intensity of the incandescence diminished in the order of the gases respec­
tively. It was also observed in hydrogen, that a few microseconds after 
the start of the discharge, a constriction of the arc channel occurred
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at the anode end, but to what extent constriction occurs for the other 
gases is not stated* If this constricted channel carries the current 
into the anode, this would result in an increase of the anode current 
density within a few microseconds of the discharge commencement* Dissi­
pation of the anode fall energy would then take place over a dimished 
area, resulting in a faster melting rate. The variation in the anode 
erosion for different gases, might well be accounted for in terms of 
the amount of channel constriction occurring at the anode, but this has 
not been shown for air and argon. Further/ evidence of the effect of 
the gases on the electrical conditions of the discharge is shown in the 
experiments of Craig (1953)* In these experiments short duration 
(6 microsecond) discharges with current amplitudes up to 100 amp have 
been passed between metal electrodes in atmospheres of hydrogen, air and 
argon. Measurements have been made of the voltage across the electrodes 
as a function of electrode separation, with the time after the start of 
the current pulse, the current, and the gas pressure as parameters.
The plots of electrode separation against voltage across the electrodes 
showed two distinctive regions (A) and (B). Region (A) for electrode 
separations up to 4 m.m. was non-linear and markedly dependent both on 
the electrode material and on the gas. For region B (4 m.m. to Ô m.m.) 
the voltage cujses are linear, independent on the electrode material, but 
characteristic of the gas. The transition frcxa region (A) to region (B)
is not sharply defined, and its position depends on both the electrode 
materials and on the gas. For hydrogen region (A) extends further than
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air, and for argon the difference between the two regions is less 
marked than for either hydrogen or air. Variation of gas pressure froeû 
5 to 80 cm. Hg. or of current 50 to 100 amp. had an almost negligible 
effect on the voltage characteristic in the non-linear region (A).
On the voltage, gap separation curve two voltages are defined, namely 
(V^) which is the extrapolation of the linear portion of the curve to the 
voltage axis, and (Vo) which is the extrapolation of the non-linear part 
of the curve to this axis also. Craig then defines (V^ - Vo) as a measure 
of the amount by which the electrodes disturb the discharge channel in 
their vicinity, and from the results it is shown that;
(v^ - 70)h > (yl - - Vo)^
for such metals as magnesium, tungsten, tin, platinum, copper, and iron.
The mechanism of vapour jet formation, would se^ to be an important 
consideration in explaining the differences existing for the anode 
erosion losses in different gases. The vapour jet would obviously 
modify the discharge channel near the electrode, and could possibly account 
for the observed differences in erosion loss for different gases. This 
effect has been shown very clearly in the photographs of Craig (1951) 
for discharges in hydrogen.
Multiplicity Effects at the Electrodes
In section (C) Chapter (6), photomicrographs of cathode 
and anode erosion features are presented. The erosion areas for single 
discharges in both oil and gas dielectric under certain conditions are 
shown sometimes to consist of (a) many separate melted areas grouped near
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to one another, and (b) a single erosion area which is undulated, and 
does not appear to have melted from a single active centre. These 
effects are observed for both cathode and anode, and do not’appear to be 
necessarily interrelated. By this it is meant, which particularly 
applies to the phenomena under (a), that if multiplicity occurs at one 
electrode, it does not necessarily occur at the other one. Figure (76) 
shows the anode erosion produced by a single 10 microsecond 300 amp 
discharge in oil dielectric on ground tungsten. Figure (96) shows a 
ccmiplete cathode erosion area produced by a single 10 microsecond 300 amp 
discharge in air on polished cadmium. Both these photographs show what 
is meant by the effects described under (a). Figure (97) shows part of 
the same erosion area under higher magnification %diich is classified under 
(b) above. A further example of this effect is shown in figure (91), which 
shows a cathode erosion,feature on a polished steel electrode due to a 
100 microsecond 170 amp discharge in oil. An effect which might be 
classified under either (a) or (b) is shown in figure (98). This feature 
is the complete anode erosion on a polished cadmium electrode due to a 
single 10 microsecond, 300 amp discharge^in air. Figures (105), (106), 
(109), (no), (111), (112), (113) and (114) show similar ^ cts on ground 
surfaces. Figures (107) and (108) show corresponding cathode and anode 
features, which have only happened once, on ground cadmium electrodes due 
to a 100 microsecond 160 amp discharge in air. It appears that in this 
particular instance the spark channel has probably divided into three 
separate channels from anode to cathode. Craggs (1947), and also Higham
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and Meek (1950b) have observed, using a rotating mirror camera 
technique, that branching of the $)ark channel does occur in air, but 
that it is a rare occurrence. The reasons for the branching effects are 
not known. The effects under (a)’ and (b) are considered to be due to 
conditions close to the electrodes, and more examples of these are given 
in Chapter (6). There are two immediate difficulties in interpreting 
these photographs. In some cases it is difficult to tell how many- 
active centres have taken part during the discharge due to melting 
together of the centres. It also cannot be known without examining 
conditions at the electrodes during the discharge, whether these melted 
centres have been active throughout the whole time of the discharge, or 
idiether they carried current for only part of the time. ' Somerville, 
Blevin, and Fletcher (1952) and Craig (1951) have studied transient arc 
discharges under similar conditions to those described in this work, and 
these experiments have been described in Chapter (1). From the observations 
of both Somerville et al and Craig, it appeared that the luminous area 
at the cathode expands outwards over the surface, ^ d  at the anode a 
number of stationary luminous spots were formed causing the electrode 
to become incandescent in certain cases. Craig (1951) has noticed, however, 
that stationary spots were formed on the cathode, but only usually one 
and never more than two, and it was suggested that since the current 
carried by the spot is so high, the conventional magnetic ^pinch effect f 
may check any tendency of the spot dividing. It has been suggested 
by Somerville et al and also Craig, that the movement of the spots on the
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cathode may be similar to the effects obtained on liquid cathodes 
by Froome (1949, 1950). The work of Froome has been mentioned in 
Chapter (1), and a further discussion will be made here* He found 
that, in the absence of an external magnetic field, the spots tended 
to form in a cluster, and then to move radially outwards in the form of 
an unbroken expanding ring when the current was at a critical value, 
approximately 10^ amp* sec.""^  for mercury. The instantaneous current
1
carried by the ring was limited by its length, and if the current in !
the circuit increased more rapidly than the ring length, then additional 
spot rings formed. These additional spot rings then expand in a 
similar manner, and with very high rates of current rise new spots die 
very quickly and other spots form in front of them. Other details about 
Froome^s work are given in Chapter (1). With the single section 
condenser-inductance network the current rise allowed is about 10^ amp.sec. 
and for the 10 microsecond network the current rises at a maximum allowed 
rate of about 10^ amp.sec.Figures (113) and (105) show complete 
cathode erosion features with allowed rates of current rise order
Z A n t
10 and 10 amp.sec. respectively, and the details are given in !
table X. In these two photographs it would appear that the current
has entered the cathode at a number of discrete points, and from what
has been stated previously, it would be concluded that not all these
areas have been active throughout the duration of the discharge. Figure (H5)
is a ccmiplete cathode erosion feature due to a 10 microsecond discharge,
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on a polished cadmium electrode, and it can be compared with the 
erosion produced on the ground cadmium cathode, (figure 105), which has 
been produced under similar discharge conditions. It can be seen in 
figure (115) how separate centres may have been active throughout the 
discharge, but that they have melted together to produce the undulated 
appearance observed. Figure (98) shows a complete erosion feature 
on a polished cadmium anode for a discharge in air with an allowed rate 
of current rise about 10^ a m p . s e c . I t is possible that at some 
stage during the discharge, the centre of the erosion area consisted of 
separated areas, but as the discharge grows older, these separate centres 
have melted together, leaving only those at the outer edges. From what 
has been discussed and from the observed erosion, it would appear that 
the melted spots have been stationary throughout the discharge. Whether 
these spots have carried current throughout the whole discharges duration 
is not known. Other photographs are shown in Chapter (6) of multiplicity
effects for oil and gas dielectric, but some of these are more difficult
/
to interpret.
Conclusions.
It may be convenient to have summarised the experimental 
observations, together with the suggestions^ that have been made concerning 
them.
Discharges in Oil.
1), Under certain conditions cathode and anode erosion features
on tungsten electrodes, show that the metal has been melted and drawn
- 131 -
into a peak at the centre, above the surrounding electrode surface.
2). From measurements of the volume of metal lost from tungsten 
anodes, during a single discharge, it would appear that there is 
insufficient energy created in the anode fall region to remove the 
metal by purely thermal means.
3). To idiat extent some kind of mechanical force action is
I ,
responsible for removing metal from the anode hot spot areas is not 
known.
■r ' V - r '■
4). The current density at the tungsten anodes is in excess of 
10^ amp.cm.
5). It is suggested that at the cathode erosion areas on tungsten, 
especisüJy for the 10 microsecond discharge, a random cathode spot motion 
occurs. For current amplitudes 150 to 400 amps, melting takes place 
over these erosion areas.
6). Similar effects as described under (1), also occur for steel 
electrodes.
7). The cathode and anode erosion areas on the lower melting point 
electrodes, show effects similar to those obtained in gases.
Discharges in Gases.
1)* From measurements of the volume of metal lost at the anode,
due to single 100 microsecond discharges in hydrogen and air, it would 
appear that insufficient energy is created in the anode fall region, 
to remove the material by thermal evaporation alone.
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2). Observations on the anode erosion that occurred in argon, 
showed that the appearance of the melted area was not consistent with
; .v ; :  . .
I
melting from an active centre alone, but that the metal was drawn 
up into peaks as well.
3). It is suggested that the anode erosion losses in different 
gases was probably very dependent on the mechanism of vapour jet formation.
4). Measurements of the volume of material lost at the cathode
erosion areas was not possible by optical means, owing to the irregular 
nahre of the erosion features, compared with those formed at the anode.
5). The multiple marks left on the electrodes, after the discharge, 
due to melting, are consistent with the observations made by other workers 
on the cathode and anode luminous areas, during the life of the discharge.
TABLE II
Volume Measurements on Polished Tungsten Anodes
Figiore
Number
Discharge
Duration
microseconds
Current
Amplitude
amps
Volume on 
Surface 
(71-72) X 
10° cm.3
Pit Volume
s - ' j  *
7%
X 10® cm.3 X 5 ®  «
30,31 10 195 6.1 3.05 11.3 8.25
22,80 10 295 3.3 8.65 11.65 17.0
75,79 10 385 18.0 16.35 37.3 35.7
77,23 100 175 23.5 23.5 67.25 67.3
29,78 1(X) 260 38.5 39.5 115 116
TABLE X n
Volume Measurements on Ground Tungeten glectrodee
Figure Discharge Current Volume above Volume of
Anode Cathode Duration Amplitude Surface______ Trgi^h _
microseconds amps (So- Sg) (Ü3- U2) (Sj- S2) (Ui- U2)
X 108 cm3 X Î08 cm) x I08 cm) x to^ om3 
43 100 145 29.8 28.4
40 45.2 15.7 iI
46 100 225 12.5 1.7
, 50 100 215 16.5 6.8
47 100 145 7.0 3.1
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